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ABS TRAC T 

The amplitude and phase variations of high frequency signals 

transmitted through the ionosphere f rom Earth Satellite S-66 were  

recorded and processed to allow intercomparison of seven different 

diffraction patterns obtained f rom one satellite pass  The amplitude 

patterns a r e  on two harmonicall-y related frequencies, 20 and 40 MHz, 

which a r e  measured at each of two locations separated by one kilometer. 

The phase patterns a r e  phase difference patterns between the two 

frequencies as measured at one location or between ends of the base- 

line using the same frequency. 

To develop theoretical phase-modulating screen  models and 

obtain relationships between the patterns as they propagated behind the 

screen,  the diffraction theory was used. The weak, one-dimensional, 

phase-modulating screen  was extended in complexity to include two- 

dimensional, non-weak, thick, and discrete blob screens.  The screens 

were  assumed repetitive in s t ructure;  that i s ,  their phase modulations 

could be represented by a finite number of Fourier  t e rms  which were  

functions of distance along the screen  measured in two orthogonal 

directions. 

distributions and the observes being either in the far field or  the first 

F resne l  zone were  not used. 

The common limiting assumptions of gaussian spatial 

Pat terns  which developed behind each 

screen  model were  determined as functions of modulation intensity, 

scale size,  distance to satellite and screen,  and zenith angle. 

The measured diffraction patterns were  projected for comparison 

and sampled. 

calculated using two harmonic analysis programs written for this 

Their autocorrelation functions and Fourier  spectra  were  

investigation. Distribution of these spectra  for the various patterns was 

i 



explained in te rms  of theoretical sc reen  character is t ics  and geometrical 

considerations of the satell i tes,  screen,  and receiver Data analysis 

procedures included transferring the various measured patterns back to 

the height of the screen  by use of appropriate propagation factors .  The 

height was incremented such a s  to minimize differences between t rans-  

f e r r ed  patterns in a leas t  squares  sense.  

It was concluded that the total peak phase modulation is usually 

more than one radian; this large value i s  justified by showing that 

thick two-dimensional phase-modulating screens  a r e  not a s  effective 

in producing large scintillation indexes a r e  a. c. to d. c.  ra t ios .  Also, 

the la rger  scale s izes  containing most of the phase variation do not 

develop in the amplitude patterns.  

and measured data that scale s ize  variation deduced f rom measurement 

of diffraction patterns depends on both the radiating source and the pa r -  

ticular pattern measured. 

la rger  scale s izes  than do satell i tes close to the diffraction screen.  

Also, phase difference patterns between harmonically related 

frequencies tend to give la rger  scale s izes  than do the amplitude patterns 

fo r  the same satell i te.  

be very sensitive to baseline lengths. 

the amplitude patterns was L 

length, Lc, of 0.34 km. 

related frequencies yielded a scale  size,  LF = 7 . 0  km, equivalent to a 

correlation length of 1. 1 km. 

It is shown by theoretical analysis 

Radio s t a r s  and high satell i tes tend to give 

Phase interferometer patterns a r e  shown to 

The mean scale size obtained for 

= 2.16 km, equivalent to a correlation F 
Phase difference patterns between harmonically 

I n  comparing resul ts  with those of other investigations, 

These explanations a r e  given for  several  observed phenomena. 

phenomena include the difference in pattern correlation functions when 
. .  

o e  

131 



measurements a r e  made on radiation a t  two or  more frequencies, the 

lack of expected dependence of scintillation index on wavelength, and the 

existence of either,  but not both, phase o r  amplitude diffraction patterns 

during a track. 

iii 
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CHAPTER 1 INTRODUCTION 

1.1 General Review 

S c i n t i l l a t i o n s  i n  the  amplitude and phase of the s igna l s  from 

radio  stars and Earth satel l i tes  have been observed f o r  a number of 

years a t  points  s ca t t e r ed  throughout the world, These f luc tua t ions  

are imposed on the radio waves as they p a s s  through the i r r egu la r  

s t r u c t u r e  of the ionosphere. Because of the  r e l a t i v e  ease with which 

they are measured, most of t he  extensive l i t e r a t u r e  r e l a t i n g  to the  

radio s ta r  and sa t e l l i t e  s c i n t i l l a t i o n s  has d e a l t  only with the  ampli- 

tude f luctuat ions. .  The generally accepted model f o r  producing the 

s c i n t i l l a t i o n  phenomenon is  a d i f f r a c t i n g  layer  of i r r e g u l a r  e lec t ron  

concentration located i n  the ionosphere. The i r r e g u l a r i t y  i n  the  

r e f r a c t i v e  index of t h i s  l aye r  a c t s  as a t h i n  l ens  f o r  focusing and 

defocusing the emerging wave s o  as t o  produce an i r r egu la r  p a t t e r n  as 

observed by a receiver some d is tance  below the screen, 

f luc tua t ions  which are measured on the ground t o  the medium where they 

are produced, i t  is  necessary t o  determine how the signal va r i e s  as i t  

propagates from the  region of the screen where the  wave is modulated, 

Increasing i n t e r e s t  i n  the e f f e c t  of these ionospheric va r i a t ions  

To  relate these 

on electromagnetic wave propagation and d i f f r a c t i o n  o r  s c a t t e r i n g  has 

induced considerable work i n  recent  years ,  Three d i f f e r e n t  t heo re t i ca l  

approaches have been used f o r  handling the  problem, A number of inves- 

tigatass have t r ea t ed  the problem such t h a t  the wave a t  the receiving 

antenna is  regarded as ehe sum of t h e  o r i g i n a l  wave and a number of com- 

ponents t h a t  have been sca t t e red  from each volume of the i r r e g u l a r  



-2- 

ionosphere. 

s c a t t e r i n g  is not  weak o r  f o r  an a r b i t r a r y  d i s t r i b u t i o n  of scatterers. 

I n  attempting t o  overcome the  la t ter  deficiency, the proper t ies  of the  

i r r e g u l a r  medium are usually described s t a t i s t i c a l l y  i n  terms of some 

assumed form of co r re l a t ion  function. Also, most of t h i s  work has been 

a blend of s ta t is t ical  approximations using the electromagnetic wave 

theory, s ince  an exac t  a n a l y t i c a l  so lu t ion  of t h e  general propagation 

and s c a t t e r i n g  problems is  no t  f eas ib l e ,  even i f  the physical behavior 

of t h e  regions along the ray path is well-defined. For t h i s  reason, 

stress has been on the  s ta t i s t ics ,  and physics en te r s  only f o r  consid- 

e ra t ions  of t h e  na tu re  of the  turbulence and f o r  appl ica t ion  of Maxwell's 

equations. Unfortunately, once a s t a t i s t i c a l  model amenable t o  the  

necessary operations 

screen, the  p o s s i b i l i t y  of a more general  so lu t ion  has been removed. 

A second method used f o r  handling t h e  s c i n t i l l a t i o n  problem is  

This method is  d i r e c t  but is d i f f i c u l t  t o  apply when 

has been se l ec t ed  t o  describe t h e  medium a t  the  

ray op t i c s .  

apply when t h e  s i z e  of t he  anomalies is much l a r g e r  than a wavelength 

apd thus very l a rge  compared t o  t h e  f i r s t  Fresnel zone measured a t  the 

poinf of p a t t e r n  observation. 

s c a t t e r i n g  e x i s t s  o r  a s ing le  l a rge  anomaly is being considered. 

does not work w e l l  when the modulating region contains a number of scale 

s i z e s ,  some of which are only an order of magnitude l a rge r  than t h e  

wavelength. 

This method i s  not  very rigorous s ince  ray op t i c s  only 

This method has  been used when s t rong  

It 

The t h i r d  approach t o  the  so lu t ion  of the  s c i n t i l l a t i o n  problem 

is  t h e  d i f f r a c t i o n  theory. 

from t h e  region of t he  anomalies are r e l a t e d  t o  the proper t ies  of those 

The proper t ies  of t he  wave f r o n t  on emerging 
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anomalies. The propagation through t h e  space beyond the  region of the  

anomalies is t r e a t e d  as a d i f f r a c t i o n  problem. To model t h e  changes 

given the  wavefront as it  passes through t h e  region of t h e  anomalies, 

t h e  concept of an equivalent t h i n  screen i s  used. The screen is assumed 

t o  be very t h i n  i n  t h e  d i r e c t i o n  of propagation and t o  modulate the  wave 

inc iden t  upon i t  by an amount which is  a function of pos i t i on  across the 

screen e 

Booker and Clemmow (1950) f i r s t  showed the. r e l a t ionsh ips  ex i s t -  

i n g  between an electric f i e l d  and an angular spectrum of plane waves; 

t h i s  w a s  f,ollowed by an  appl ica t ion  of t he  p r inc ip l e  to  ionospheric 

d i f f r a c t i o n  problems by Booker, R a t c l i f f e ,  and Shinn (1950)12]. It w a s  

then shown by Hewish (1951, 1952) f31’f41 how the  f i e l d  produced by an 

ind iv idua l  Fourier component va i red  with d is tance  beyond t h e  screen. 

This work w a s  followed by t h a t  of Bowhill (1960, 1961) 15] ’16], DeBarber 

and Ross (1963)f71, Yeh and Swenson (1964)‘81, and many o thers .  Unfor- 

tunately,  i n  formulating a model f o r  t h e  s p a t i a l  d i s t r i b u t i o n s ,  most 

i nves t iga to r s  assume t h a t  t he  co r re l a t ion  function of the  d i e l e c t r i c  con- 

s t a n t  o r  of t h e  e l ec t ron  density is  gaussian with an e l l i p t i c a l  symme- 

t r y  c43’ “O1. The assumption of gaussian shape is  used f o r  convenience 

and has no phys ica l  b a s i s f 8 ] ;  however, i t  does influence t h e  so lu t ion  of 

the problem. The ergodic assumptions o f t en  made are of doubtful v a l i d i t y  

unless the  amount of da t a  ava i l ab le  i s  extensive. This r e s u l t s  because 

t h e  p rope r t i e s  of t h e  measured pa t t e rns  change with pos i t ion  of the rad i -  

a t i n g  source and t i m e  of t h e  observation. The averaging e f f e c t s  of the 

models containing the  ergodic assumptions obscure the  ind iv idua l  

character of t h e  pa t t e rns .  
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In most previous inves t iga t ions ,  t he  i n t e n s i t y  of the phase 

, and the  co r re l a t ion  d is tance ,  r are the  two 0 modulation, 

independent parameters spec i f i ed  f o r  t he  s i n g l e  gaussian function used 

t o  describe t h e  phase-modulating screen. 4o 
is less than one radian, the  scale s i z e s  of the d i f f r a c t i o n  pa t t e rns  i n  

the  r ad ia t ion  a t  wavelength, A are equal t o  those of t h e  screen a t  

2 those d is tances ,  2 where AZ/ro >>le However, when Cp i s  l a rge r  

than one radian, the sca l e  s i z e s  of the  pa t t e rns  measured a t  l a rge  d is -  

tances from the  screen should be smaller than those a t  the screen. 

It is  asser ted  t h a t  when 

0 

The approach taken by these pas t  inves t iga t ions  has r e su l t ed  i n  

the conclusions tha t :  (1) t h e  amount of modulation and s c i n t i l l a t i o n  is 

propor t iona l  t o  wavelength; (2) the  phase pa t t e rn  has  the  same correla- 

t i on  as the  screen; (3) t h e  amplitude pa t t e rn  develops with a l i n e a r  

dependence on the  d is tance  from the screen u n t i l  i t  reaches a maximum 

beyond which i t  remains constant; and (4) t he  scale s i z e  i n  the amplitude 

p a t t e r n  depends on the  amount of modulation. 

The experimental r e s u l t s  of these p r i o r  i nves t iga t ions  ind ica t e  

t h a t  t h e  ionospheric i r r e g u l a r i t i e s  which produce the  observed d i f f r ac -  

t i o n  pa t t e rns  may occur a t  he ights  of from 250 km t o  600 km, although the 

thickness of the region containing the i r r e g u l a r i t i e s  is sometimes less 

than 50 km. The scale s i z e  of the  anomalies which were defined by the 

co r re l a t ion  d is tance  f o r  the  gaussian function, r , o r  t h e  separation 

of successive maxima o r  minima, , were found t o  vary from 2 km t o  10 

km. 

g rea t e r ,  wi th  the  larger a x i s  along the l i n e  of the  magnetic f i e l d .  

0 

L 

These anomalies were s a i d  t o  be elongated by a r a t i o  of 5 t o  1, or  
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For those experiments where t h e  records of the  d i f f r a c t i o n  pat- 

terns w e r e  analyzed t o  determine t h e i r  harmonic content,  long samples 

w e r e  taken together,  and au tocorre la t ion  functions and t h e i r  cosine 

transforms w e r e  used t o  obta in  the  power s p e c t r a l  d e n s i t i e s .  

is one b e s t  applied t o  random processes; because of i t s  smoothing char- 

acteristic, i t  tends t o  f i l l  i n  f o r  those harmonics possessing l i t t l e  

This method 

energy. Nevertheless, the spec t r a  obtained w e r e  somewhat d i s c r e t e  and 

no t  continuous as would be required by the  theory using the assumed d i s -  

t r i b u t i o n s  e Examples of o ther  observed phenomena unexplained by the 

theory of t he  earlier experiments are: the absence of e i t h e r  the  phase 

o r  amplitude p a t t e r n  when the o the r  w a s  p resent ,  as observed by DeBarber 

(1962) and the  inversion e f f e c t ,  where the  longer wavelength trans- 

[ 111 missions contained less s c i n t i l l a t i o n s ,  as observed by Briggs (1966) 

There are reasons why a descr ip t ion  of the  i r r e g u l a r  ionosphere 

has no t  been obtained by use  of a more d i r e c t  approach. To obtain a 

unique set  of ionospheric c h a r a c t e r i s t i c s  from the i n t e r p r e t a t i o n  of the  

d i f f r a c t i o n  pa t t e rns  rneasured on t h e  ground is most d i f f i c u l t .  One 

approach would be t o  ex t rapola te  backwards a complete su r face  map of t he  

meakured patterns t o  y i e l d  a corresponding map a t  the  d i f f r a c t i n g  region. 

This is prevented by the p r a c t i c a l  l imi t a t ions  on t h e  amount of da t a  

which can be gathered on the  ground. Some form of modeling is  thus em- 

ployed t o  produce pa t t e rns  similar t o  those which are measured. Among 

the most frequently used models is  t h a t  of the th in  modulating screen. 

The wave emerging below the screen has a complex f i e l d  pa t t e rn  which may 

show v a r i a t i o n s  i n  both i t s  amplitude and phase. 
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Another approach would be t o  synthesize,  i n  depth, t he  medium 

which would convert: the known sphe r i ca l  wavefront i n t o  the observed f i e l d  

pa t te rn .  

so lu t ion .  However, the physics of the ionosphere i n  the  a l t i t u d e  range 

where t h e  e f f e c t s  are incurred, does provide some i n s i g h t  as t o  the  

screen model t o  use. The causative process i s  r e f r a c t i v e  r a t h e r  than 

absorptive; t he  changes i n  the  emerging wavefront are then i n  phase 

r a t h e r  than i n  amplitude, and a phase-modulating screen ks generally 

employed f o r  modeling, 

This is a most d i f f i c u l t  problem which may not have a unique 

1.2 Statement of t h e  Problem 

The previous sec t ion  discussed t h e  complexity and d i f f i c u l t y  of 

obtaining a rigorous so lu t ion  f o r  the na ture ,  pos i t ion ,  and ex ten t  of the 

ionospheric region responsible f o r  the f luc tua t ions  imposed on r ad ia t ion  

from rad io  stars and Earth Satellites. To circumvent these d i f f i c u l t i e s ,  

modeling w a s  used t o  represent  the  s i g n i f i c a n t  c h a r a c t e r i s t i c s  of the 

phase-modulating regions. The ergodic assumptions which have been made 

f o r  t h e  majority of the  s t u d i e s  of F region i r r e g u l a r i t i e s  were made 

p r inc ipa l ly  f o r  mathematical convenience. Their use has r e su l t ed  i n  

unexplained behavior when comparisons are made between the d i f f r a c t i o n  

p a t t e r n s  which develop behind the  t h e o r e t i c a l  screens and the  real p a t -  

terns measured a t  t he  ground. 

A new approach, t o  obta in  b e t t e r  models f o r  representing the re- 

gion of the ionosphere which produces the  s c i n t i l l a t i o n  on the  r ad io  

s i g n a l s  passing through it, is d i c t a t e d  by t h e  l imi t a t ions  of the ex i s t -  

i ng  techniques. This  new approach should be f l e x i b l e  enough t o  
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synthesize va r i ab le  models t h a t  w i l l  correspond with the measurements 

made on real-phase and amplitude d i f f r a c t i o n  pa t te rns .  

achieve more f l e x i b i l i t y  i n  the  models is t o  assemble them from a sum 

of weakly modulating, two-dimensional, s p a t i a l  Fourier series terms 

One way t o  

1.3 Spec i f i c  Statement of Problem 

It is the  objec t ive  of t h i s  inves t iga t ion  t o  relate the  proper t ies  

of the  d i f f r a c t i o n  pa t t e rns  measured on t h e  ground t o  a realist ic model 

of t h e  i r r e g u l a r  ionosphere. To accomplish t h i s ,  s c i n t i l l a t i o n  measure- 

ments w i l l  be made a t  spaced receiver loca t ions  a t  two satel l i te  fre- 

quencies simultaneously. 

p a t t e r n s ,  a rece iv ing  system w i l l  be designed and w i l l  record the  d a t a  

required f o r  ana lys i s ,  

sis w i l l  avoid making any unnecessary assumptions. A series of theore- 

t i ca l  ionospheric model s t u d i e s  w i l l  be made t o  determine r e l a t ionsh ips  

between the  i r r e g u l a r i t i e s  and t h e  d i f f r a c t i o n  pa t t e rns  they produce. 

The experimental r e s u l t s  w i l l  be compared with the t h e o r e t i c a l  models 

t o  m a k e  b e t t e r  estimates f o r  the  i r r e g u l a r  ionosphere. 

To obta in  the phase and amplitude d i f f r a c t i o n  

Where poss ib le ,  t h e  methods used f o r  d a t a  analy- 
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CHAPTER 2 PHASE AND AMPLITUDE PATTERMS PRODUCED BY PHASE-MODULATING 
SCREENS 

This sec t ion  develops expressions t o  represent  the  phase and 

amplitude s c i n t i l l a t i o n  pa t t e rns  which develop behind a phase-modulating 

screen on which H.F. r ad ia t ion  is  incident.  For t h i s  i nves t iga t ion ,  the  

r ad ia t ion  emanates from an a r t i f i c i a l  Earth satell i te located a f i n i t e  

d i s tance ,  Z' 

l a t i n g  anomalies are s i t u a t e d .  

which measures the  pa t t e rn  i s  located a d is tance ,  Z , from the  same 

screen of phase-modulating anomalies 

above the  region of the  ionosphere where t h e  phase-modu- 

The receiver a t  the Earth 's  sur face ,  

The f i r s t  screen examined is the  weka, single-frequency, one- 

dimensionsla, continuous screen. This has been inves t iga ted  pre- 

viously r31"41; however, t h e  known r e s u l t s  are presented here  f o r  com- 

p le teness  and f o r  revea l ing  c e r t a i n  c h a r a c t e r i s t i c s  e s s e n t i a l  f o r  devel- 

oping the later models. The way i n  which these pa t t e rns  propagate behind 

the screen  i s  shown t o  be a function of the scale s i z e  of t h e  screen and 

the  d is tance  of the source from the  screen. The complexity of t h i s  

simple screen is increased as the  screen is made non-weak, two-dimen- 

s i o n a l ,  t h i ck ,  and f i n a l l y  t o  cons i s t  of an a r r ay  of d i s c r e t e  blobs. 

For each screen model, t h e  appropriate phase and amplitude pat- 

The d i s c r e t e  blob t e r n s  which develop behind the  screen are obtained. 

screen, which red..ice6 t o  a two-difiimsional, cosinusoidal screen f o r  a spe- 

c ia l  case, is shown t o  have a r e a l i z a b l e  co r re l a t ion  function. In  a l l  

cases inves t iga ted ,  i t  i s  shown t h a t  the  r e s u l t i n g  d i f f r a c t i o n  pa t t e rns  

may be represented by a small number of s i g n i f i c a n t  Fourier components. 

The e f f e c t s  of the  s a t e l l i t e - s c r e e n  geometry, on the  p a r t i c u l a r  p a t t e r n s  
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measured as p a r t  of t h e  experiment, are discussed, The amount of elec- 

t ron  dens i ty  v a r i a t i o n  required t o  produce various l e v e l s  of phase modu- 

l a t i o n  i s  a l s o  determined. 

2.1 The Weak One-Dimensional Screen Containing a Single S p a t i a l  
Frequency 

The f i r s t  screen inves t iga ted  is i n f i n i t e l y  t h i n  i n  t h e  plane 

Z = 0 and has a weak phase v a r i a t i o n  i n  one d i r ec t ion ,  the  phase 

modulation function being a cosinusoidal function of The geometry 

f o r  t h e  sa te l l i t e ,  screen, and receiver is  shown i n  Figure 1. To obta in  

Xo 

Xo . 

t he  pa t t e rns ,  the s p a t i a l  Fourier transform is used, f i r s t  t o  f ind  the 

angular spectrum of plane waves t h a t  represents  t he  electric f i e l d  as it 

emerges from the  bottom of the  phase-modulating screen. A second t rans-  

form is then acquired of t h e  angular spectrum t o  f ind  the  complex f i e l d  

beyond the screen as a function of the Cartesian coordinates-- X , Z e 

The angular spectrums are given i n  terms of S where S is the  s i n e  of 

t h e  angle 0 t h e  angle between the inc ident  r ad ia t ion  a t  t h e  screen 

and a d i f f r a c t e d  component. 

I n  t h i s  ana lys i s ,  normal incidence has been used because the s m a l l  

change i n  weighted d is tance  t o  t h e  observer, which r e s u l t s  when t h e  screen 

is t i l t e d ,  has l i t t l e  e f f e c t  on the  coe f f i c i en t s  fo r  pa t t e rn  propagation, 

The s p a t i a l  Fourier transforms r e l a t i n g  the  angular spectrums of plane 

waves and the  one-dimensional v a r i a t i o n  i n  the  complex e l e c t r i c  f i e l d ,  

E , are then: 

0 )  e h dXrl 
-00 



-10- 

b) 

P 

Figure 1. Satellite-Receiver Geometry 
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W j2nSX0 

A dS 

The l i m i t s  f o r  t he  Fourier t ransformhere  are f f o r  the  va r i ab le  S 

It follows t h a t ,  when IS1 > 1 cos 0 = ( 1  - S ) ''* w i l l  be imaginary. 

The s igni f icance  of t h i s  behavior is evident when the  expression f o r  

f ind ing  the  complex f i e l d ,  a d i s t ance ,  X Z i s  examined. 

W j2aSX j2aCZ 
A 
- -  

e A dS P(S) e 
1 E(X, Z) = y 

-0 

When S i s  l a r g e r  than one, t he  angular spectrum component has a 

s p a t i a l  period less than X i n  t h e  X d i r ec t ion ,  bu t  i t  i s  attenuated 

i n  t h e  2 d i rec t ion .  A series of these  components w i l l  comprise what 

is known as an evanescent wave; these waves are rap id ly  a t tenuated  as 

they leave t h e  screen so as not  t o  cont r ibu te  t o  a p a t t e r n  some distance 

behind t h e  screen., 

For the  weak s c a t t e r i n g  considered here,  only the  f i r s t  two terms 

i n  t h e  binomial expansion for C are used; t h a t  is: 
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This is  equivalent t o  a Fresnel region representa t ion  of t h e  f i e l d  when 

weak s c a t t e r i n g  e x i s t s .  As w i l l  be shown, when the  satel l i te  is  a t  a 

f i n i t e  d i s tance  (1,000 km) 

the  f a r  f i e l d .  

only small anomalies place the  receiver i n  

It then follows tha t :  

j2lTz 00 jzmxs -jmzs2 
E(X, Z) = - e J P ( s )  e A e  dS 

x -00 

where the  phase s h i f t  is made p o s i t i v e  wi th  increasing Z Because 

the  satell i te producing the  r ad ia t ion  is  a f i n i t e  d i s tance  from t h e  

screen, the  wavefront inc ident  on the screen is sphe r i ca l  and has a 

phase dependent'on the  displacement from o r ig in ,  

modulating Screen has a modulation function, 

spectrum a t  the  screen becomes: 

Xo e 
I f  the  phase- 

$ (X,) , t he  angular 

-00 

For t h e  weak cosinusoidal screen: 

M0 <xo) 21Tx0 e = 1 + j$o cos 
L 

where L is the  scale s i z e  of t he  screen. 
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When the  cosine function is replaced by i ts  exponential form, 

dXO 
e 

Sneddon ( 19 5 1) [12’ gives t h e  so lu t ion  f o r  complex i n t e g r a l s  of t h i s  form. 

Upon completing t h e  in t eg ra t ion  of 2-8, 

2 j2nZ‘ 
x 
+2 P(S) = e A 

+ e  

2naX I n  later developments, add i t iona l  terms of the  form cos Q 
L 

w i l l  be used t o  represent  t h e  screen. The 1 / L  terms i n  2-9 then 

become n/L ., 

To obta in  t h e  complex f i e l d  a t  X , Z , the  P(S) of 2-9 is  

s u b s t i t u t e d  i n t o  2-5 and t h e  in t eg ra t ion  is  performed, Af te r  c o l l e c t i n g  

terms, t h e  r e s u l t  may b e  w r i t t e n  as: 

E(X, Z) = 6 + Oo sin axF2 cos 2aFX 
L L2 

(2-10) 

2 j2a(Z + Z’) j aX 
A(Z -E 2’) + j$o cos JrAFf cos e ’ e  

L 
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where Z” 
z + Z” 

- 
F =  

The two exponentials represent t he  phase of t h e  undiffracted wave 

a t  po in t  X , relative t o  which the  d i f f r a c t e d  wave f i e l d  can be 

normalized. 

It is noted t h a t  t h e  one-dimensional, weak phase, modulating 

screen produces a d i f f r a c t i o n  p a t t e r n  beyond the  screen which has both 

an in-phase and quadrature component r e l a t i v e  t o  t h e  undiffracted wave. 

The in-phase component has an amplitude which varies as a s i n e  function 

of t h e  d is tance  from the screen, 

varies as a cosine function of t he  same distance.  This means t h a t  t he  

amplitude pa t t e rn  does no t  f u l l y  develop u n t i l  some d is tance  beyond the  

screen. Also, i f  t h e  screen is  very th in ,  there  are values of Z f o r  

which the  phase p a t t e r n  vanishes. 

Z , while the quadrature component 

That the  source is a t  a f i n i t e  d i s tance ,  Z’ , from the  screen 

changes t h e  p a t t e r n  of a one-dimensional screen i n  three  fashions. 

t he  s i z e  of t he  p a t t e r n  has been enlarged by a f a c t o r ,  

which i s  the  f a c t o r  of ray o p t i c a l  p ro jec t ion  methods. Second, the  d is -  

tance t o  the development of t he  in-phase p a t t e r n  has been increased by 

the  same expansion f ac to r ,  (Z  + Z’)/Z’ e L a s t ,  the amplitude of a l l  

terms has been decreased by t h i s  expansion f a c t o r  t o  the  minus one-half 

power as compared t o  the  case where the  source i s  a t  and normaliza- 

t i o n  is  t o  t h e  same inc iden t  power f lux  upon the  screen. The non-parallel 

rays ,  which are s c a t t e r e d  and then combine t o  produce t h e  pa t t e rn ,  con- 

t inue  t o  diverge,  reducing t h e  magnitude of t he  pa t t e rn  a t  a po in t  beyond 

F i r s t ,  

(Z + Z’)/Z* 
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t h e  screen, 

phase p a t t e r n  does no t  develop and the  scale s i z e  of t he  quadrature pat- 

t e r n  i s  much enlarged. 

When t h e  satell i te approaches c lose  t o  the  screen, the  in- 

The phase, J, , and amplitude, A , of the  d i f f r a c t i o n  pa t t e rn  

can be expressed as functions of t he  in-phase and quadrature components: 

Tan $ = (2-11) 

Since 4 is 0 

J, = 40 

assumed s m a l l ,  $ is  a l s o  small; then Tan $ NN $ : 

cos aAFZ cos 27r5x 
L L2 

I f  only the  f i r s t  two terms of t h e  binomial expansion of 2-12 are 

re t a ined ,  the  function f o r  

A = 4F 1. + 4o s i n  ( 
When 4, , is small 

the  amplitude p a t t e r n  becomes: 

7 ITA52 cos 2rix)  
L L2 

(2-12) 

(2-13) 

(2-14) 

and t h e  pa t t e rns  contain only one s p a t i a l  

frequency, t he  amplitude p a t t e r n  w i l l  have its f i r s t  maximum for 

Z = L2/2AF For a p a r t i c u l a r  scale s i z e o  L the  d is tance  a t  which 

t h e  amplitude p a t t e r n  develops decreases as t h e  wavelength of t h e  inc i -  

dent r a d i a t i o n ,  A is  increased. Conversely, i f  only one frequency 
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is being transmitted ( A ,  a cons tan t ) ,  then the  distance required f o r  t he  

amplitude pa t t e rn  development decreased with the  scale s i z e ,  

d i s tances ,  Z , less than ha l f  t h e  value f o r  the maximum pa t t e rn  t o  

occur9 Zm 

by a l i n e a r  expression: 

L . A t  

t he  magnitude of the  amplitude pa t t e rn  may be approximated 

(2-15) 

This sec t ion  has shown how the  phase and amplitude pa t t e rns  

evolve behind weak phase-modulating screens t h a t  are represented by a 

s i n g l e  s p a t i a l  frequency. In  the general case, where the pa t t e rns  con- 

sist of a f i n i t e  number of these  frequencies, the more complex pa t t e rns  

are obtained an applying t h e  p r inc ip l e  of superposition. 

2.2 The One-Dimensional Screen When Modulation is Not Weak 

When the  cosinusoidal screen is  used and Q, i s  no t  much less 0 
than uni ty ,  Bessel function expansions must be used. The phase- 

modulating t e r m  of 2-6 is w r i t t e n  as: 

jQ,o cos 2aX0 

e 

- 

0 cos 0 = cos L 

4TX0 
where cos = Jo ((bo) - 2J2 cos - 

L 
(2-17) 

.... 8rXO - + 2J4 ($o) cos 
L 
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(2-18) 

Here J (4 ) i s  the  Bessel function of the  f i r s t  kind and n t h  order.  n O  

I f  2-17 and 2-18 are s u b s t i t u t e d  i n t o  2-8 i n  l i e u  of 2-7 and the  

in t eg ra t ions  are performed with respec t  t o  Xo and then S , t h e  r e s u l t  

f o r  E (x ,z )  is a series of terms of t h e  form: 

@ ( j ) n  2Jn (g,) (2-19) 

On c o l l e c t i n g  terms and making t h e  substi tutions-- T = 2a5X , 
R = , t he  in-phase and quadrature components become: 

L2 

In-Phas e 

6 Jo f 2J1 ( 4 ~ ~ )  cos T s in  R - 2J2 (9,) cos 2T cos 4R 

- 2J3 (($o) cos 3T s i n  9R + 2J4  (0,) cos 4T cos 16R (2-20) 

4- 2J5 ($o) cos 5T s i n  2 5 R  - . * ,  .) 
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Quadrature 

J1 (I$o) cos T cos R + 2J2 (I$o)- cos 2T s i n  4R 

- 2J3 (I$,) COS 3T COS 9R - 2J4 (I$o) cos 4T s i n  l6R (2-21) 

+ 2J5 (I$o) cos 5 T  cos 25R 9 * .  . e 

Calculations w e r e  made, using a simulation program, t o  obta in  the  

p a t t e r n s  t h a t  develop behind a s inusoida l  phase-modulating screen which 

is n o t  we&. The phase p a t t e r n  is taken t o  be r e l a t i v e  t o  the  specular 

component of t h e  angular spectrum, which becomes s m a l l  with increas ing  

I$o . For a l l  values of +o t h i s  phase p a t t e r n  w i l l  have a zero mean 

over t h e  s p a t i a l  period a t  t h e  po in t  where i t  i s  measured. The ampli- 

tude p a t t e r n  is taken t o  be t h e  amplitude f luc tua t ion  about t he  mean 

amplitude over t h e  same period. 

The f i r s t  ca l cu la t ions  w e r e  made f o r  a r e l a t i v e l y  weak modulation, 

I$o < 0.5 radian; these  were followed where 

u n t i l  i t ’ r e a c h e d  four  radians. 

I$, w a s  increased i n  s t e p s  

Figures 2 through 5 show the  phase and 

amplitude p a t t e r n s  which r e s u l t  f o r  I$ having the  values 0.25, 0.5, 0 

and 0,8 radians f o r  d i f f e r e n t  values of 0 ; 0 = +XFZ/L2 . The 

amplitude p a t t e r n s  were normalized t o  show va r i a t ion  about un i ty ,  while 

t he  scale of the phase pa t t e rns  is given i n  radians.  It i s  observed 

t h a t  f o r  these  values of I$o t he re  are d is tances  represented by 0 

which y i e l d  pa t t e rns  no longer cosinusoidal i n  appearance. 

When a t h i n  screen has  a scale s i z e ,  L f o r  every X there  

t h a t  reduces e i t h e r  t he  phase o r  amplitude p a t t e r n .  is  a value of ?Z 
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Figure 2.  Diffraction p&term Produced by a Weak One-Dimensional 
Screen with $0 of 0.25 Radians 
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Figure 4 .  Diffraction Patterns Produced by a Screen 
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Figure 5.  Diffraction Patterns Produced by a One-Dimensional 
Screen with o0 of 0 .8  Radians 
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However, they do not  vanish toge ther ,  This ex t inc t ion  phenomena is able  

t o  produceo a t  t i m e s ,  s t ronger  amplitude pa t t e rns  on 40 MHz than on 20 

MHz r ad ia t ion ,  even though I$ is propor t iona l  t o  X i n  t h e  ionospheric 

phase-modulating screens; values of 0 between 0.841~ and 1.161~ €or 

the  20 MHz r ad ia t ion  produce t h i s  r e s u l t .  When the d i f f r a c t i n g  screens 

are s u f f i c i e n t l y  t h i n  and t h e  source of r a d i a t i o n  moves i n  a few seconds 

across the  region of the  screen t o  be sampled, then t h e  observed pa t te rns  

become functions of time which depend pr imar i ly  on t h e  motion of t he  

source. 

0 

For t h i s  i nves t iga t ion ,  where the  satel l i te  source is  moving a t  

a ve loc i ty  of greate’r than 7 km/sec., t h e  assumption is made t h a t  the  

p a t t e r n  is  preserved over t h e  sampling period. 

o ther  behavior of t h e  amplitude p a t t e r n s  with the d is tance ,  0 

a l s o  be used t o  provide in s igh t  i n t o  the  quadrant i n  which t h i s  quant i ty  

lies. When 0 l ies between 0 and IT f o r  t h e  pa t t e rn  on the  20 MHz 

s i g n a l ,  the  20 MHz and 40 MHz p a t t e r n s  would have peaks and n u l l s  which 

occur c lose  toge ther  with respec t  t o  time, When 0 l ies  i n  the  range 

of IT t o    IT f o r  t h e  amplitude p a t t e r n  on the  20 MHz r ad ia t ion ,  t he  

n u l l s  and peaks on t h e  40 MHz rad ia t ion  are s h i f t e d  along the  time 

scale such as t o  no t  be coincident with those of the 20 MHz pat te rns .  

Using t h i s  assumption, 

can 

For phase p a t t e r n s  when 0 is  between ~ / 2  and TT f o r  the 20 MHz 

r ad ia t ion ,  t h i s  p a t t e r n  is inver ted  with respect t o  the  phase p a t t e r n  on 

t h e  40 MHz rad ia t ion .  This increases  the  values obtained when phase d i f -  

ference measurements are made between the two frequencies. 

more terms are required by the  Bessel function expansion t o  represent the 

in-phase and quadrature components. 

When $o>l 

Also, both t h e  phase and amplitude 
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p a t t e r n s  have f i n e r  s t r u c t u r e s  and the in-phase pa t t e rn  develops c lose r  

t o  the  screen. To be realist ic i n  t h e  simulations f o r  ca l cu la t ing  the  

phase and amplitude pa t t e rns ,  appropriate values had to  be se l ec t ed  fox 

t he  independent parameters. These were: 

X = wavelength, 0.015 and 0.0075 km 

L = scale s i z e ,  1 t o  10 km 

Z' = d i s t ance  from screen t o  satel l i te ,  750 t o  600 km 

Z = dis tance  from receiver t o  screen, 250 t o  400 km 

A number of combinations of these  parameters were se l ec t ed  f o r  

t he  computations t h a t  gave the  following q u a n t i t i e s  as a function of 

pos i t i on  i n  a d i r e c t i o n  p a r a l l e l  t o  the scale s i z e .  

0 

e The quadrature terms using s i g n i f i c a n t  terms of 2-21. 

0 

The in-phase terms using s i g n i f i c a n t  terms of 2-20. 

"he phase pa t t e rn  us ing  2-11 with a l l  s i g n i f i c a n t  terms. 

0 The amplitude p a t t e r n  using 2-12 with a l l  s i g n i f i c a n t  

terms. 

Although smaller scale s i z e s  are observed i n  the  phase and ampli- 

tude p a t t e r n s  as the  h igher  order  terms become more s i g n i f i c a n t  with the  

increase  i n  

The phase p a t t e r n  r e t a i n s  i t s  s inuso ida l  shape f o r  some values of 0 but 

i n  genera l  is d i s t o r t e d  as shown by Figures 6 through 8. When these 

p a t t e r n s  are sampled and t h e i r  Fourier spectrums are developed, they w i l l  

show these  v a r i a t i o n s  as higher s p a t i a l  frequencies. As t he  i n t e n s i t y  of 

t h e  modulation represented by a s i n g l e  s p a t i a l  frequency is increased, 

f o r  t h e  th in  screen the  ex t inc t ion  phenomena and pat t e rn  inversion still  

hold and occur a t  the  same values of 0 which applied t o  the  weaker 

screen . 

4o , t h e  s p a t i a l  period does n o t  change; i t  is s t i l l  L/F  e 
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Figure 8. Diffraction Patterns Produced by a Screen 
with $o of 2 .  Radians for Particular Values of 0 
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It w a s  of i n t e r e s t  t o  determine the  smallest values of + 0 which 

w i l l  produce deep n u l l s  i n  the  amplitude p a t t e r n  i n  the  appropriate d i s -  

tance range of 0 . It w a s  determined t h a t ,  when +o was g rea t e r  than 

0.8 rad ians ,  notches t o  zero could be produced i n  amplitude although the 

depth and pos i t i on  of ' these notches are s t rong  function of 0 . A s  

notches i n  the amplitude pa t t e rn  generally occur when t h e  in-phase and 

quadrature terms change s ign  together,  a rapid va r i a t ion  i n  t h e  phase 

p a t t e r n  usua l ly  occurs i n  conjunction with a notch i n  the  amplitude pat- 

tern. As +o becomes l a r g e r ,  amplitude n u l l s  become more frequent and 

the region of 0 , where t h e  phase pa t t e rns  appear s inusoida l ,  becomes 

has $0 smaller. Some examples of phase and amplitude pa t t e rns  where 

become increas ingly  l a r g e r  are shown i n  Figures 6 through 10. 

In conclusion, i t  is  noted t h a t  as +o i s  increased from 0.5 

radians t o  4.0 rad ians ,  s i g n i f i c a n t  changes occur i n  both t h e  phase and 

anplitude pa t t e rns .  

f i c a n t  and t h e  amplitude p a t t e r n  f o r  these terms develops c lose r  t o  t h e  

screen. The i n t e r v a l ,  measured wi th  respec t  t o  0 over which the  phase 

The higher order terms become increasingly s igni -  

p a t t e r n  appears s inuso ida l ,  is reduced as 

expands around the  po in t s  N s / 2  , N odd, u n t i l  i t  only e x i s t s  i n  narrow 

+o is increased while i t  

I 

bands around 0 = N s  The notches which develop i n  the  amplitude pat- 

terns are s t rongly  dependent on both $ and 0 . Though the pa t t e rns  

may have most of t h e i r  energy a t  the  higher frequencies,  t h e  s p a t i a l  

period does not  change with increas ing  + 
are obtained f o r  t h e  phase and amplitude pa t t e rns  t h a t  develop behind 

these  non-weak screen ,  these  co r re l a t ion  functions w i l l  d i f f e r  f o r  every 

value of 0 a 

0 

I f  co r re l a t ion  functions 0 "  
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2 

I 

Figure 9 .  Phase Diffraction Patterns Produced by a Screen 
with 9, of 4 ,  Radians 
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I 

0 

Figure 10. Amplitude Diffraction Patterns Produced by a 
Screen with $I of 4. Radians 0 

2n 
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2 .3  The Weak Two-Dimensional Screen 

When the  phase modulation along t h e  screen is a function of two 

orthogonal d i r e c t i o n s ,  Xo , Yo , t h a t  are normal t o  Z then 

in s t ead  of 2-1, f o r  t h e  angular spectrum: 

w w  - 328 (S1X0 + S2YO) 
J E ( x ~ ,  yo) e dXo dY (2-22) 

-03 -w 

Here SI and S2 are the  d i r e c t i o n  cosines of the  s c a t t e r e d  wave nor- 

m a l  i n  t h e  Xo and Yo d i r e c t i o n s  respec t ive ly .  If t he  modulation is 

weak, 

+ e  

(2-23) 

(2-24) 

Immediately above t h e  screen  a t  Xo, Yo t h e  phase of the  inc i -  

dent wave is: 
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The integral  2-22 including the phase terms f o r  a f i n i t e  

becomes : 

Zo then 

j2aZo 
x 

P(S1$ S*) = e 

+ e  (2-25) 

e U e dXodYo 

On integrating with respect t o  

screen is  obtained: 
Xo and Yo, the angular spectrum at the 

j 2TZ0 - x x 
P(S1, S2) = e 

(2-26) 

-j2nz (5 - 
O L1 + e  
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The expression f o r  t he  f i e l d  a t  X , Y 2 i s  then expressed as: 

j21is1x - jrZS1 2 
m m  

A e E(X,  Y, 2) = e A NS1’ S2) e A 

(2-27) 

2 j2nS2Y - JliS2 

e A , e  A dSldS2 

Upon i n t e g r a t i n g  and co l l ec t ing  terms, the  expression f o r  E(X, Y, 2) 

is found t o  be: 

I. Z) = e e 

(2-28) 

L 

4. cos 2 7 y ,  -$jI 
The amplitude of a l l  the terms i n  the  p a t t e r n  has been reduced by 

t h e  p ro jec t ion  f a c t o r  of the  diverging rays .  

When t h e  m u l t i p l i e r s  ou ts ide  t h e  brackets of 2-28 which modify a l l  

terms are removed, and the  pos i t i on  of 

parison with the  p a t t e r n s  of a one-dimensional screen, 2-28 r e s u l t s  i n  

L1 is changed t o  simplify com- 

t h e  following in-phase and quadrature terms. 
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In-Phase 

1 + Qo s in  ~ X F Z  
L12 

2 

(2-29) 

Quadrature 

$0 cos rhEZ 1. + 2 cos x + 1 Y - 2 - 2 ( t,:)[ .I ; ) L1 
(2-30) 

Using the same approximations for  the weak screen used for 2-13 and 2-14 

resu l t s  i n  the following phase and amplitude patterns behind the two- 

dimensional screen: 

(2-31) 

+cos27rJ x - L Y  
L1 ( L2 
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h 

Comparison of 2-31 and 2-32 wit..  2-13 ani 

(2-32) 

2-14 reveals t h a t  E 

L1 = L2 

required by t h e  one-dimensional pa t t e rn .  However, when L = 5L1 the  

two-dimensional p a t t e r n  does not  develop u n t i l  FZ a t t a i n s  0.95 of the  

value required by the  one-dimensional amplitude pa t t e rn  f o r  similar 

development. Thus, when the  s c a l e  s i z e  i n  one d i r ec t ion  is increase ,  

the  two-dimensional p a t t e r n  w i l l  develop no c lose r  t o  the screen than 

does t h e  one-dimensional pa t te rn .  Also, i f  t h e  p a r t i c u l a r  cases where 

X = k Y are neglected,  

frequencies.  

frequency of a one-dimensional screen as d i f f e r e n t  combinations of L1 

L2 

marily along t h e  d i r ec t ion  of t h e  l a r g e r  scale s i z e ,  the  s p a t i a l  f re -  

quencies are lower. 

the amplitude p a t t e r n  w i l l  develop i n  one-half the  d is tance  

2 

motion along the  p a t t e r n  reveals two s p a t i a l  

These frequencies may vary from near  zero t o  twice the 

X a and Y are inves t iga ted .  When t h e  pa t t e rns  are sampled p r i -  

Thus i t  is observed t h a t  when a one-dimensional, weak, cosinu- 

s o i d a l ,  phase-modulating screen is extended t o  t h e  two-dimensional case, 

there  are s i g n i f i c a n t  d i f fe rences  i n  t h e  s p a t i a l  p rope r t i e s  of the pat- 

t e r n  E ( X , Y , Z )a Also, the  d is tance  a t  which amplitude pa t t e rns  

develop may be  reduced by one-half. 
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However, t he  d i f fe rences  observed i of 

the  pa t t e rn  E(X, Y, Z, t )  , a t  a fixed receiving poin t  as a r ad ia t ing  

satel l i te  passes above the  screen, may be minor. 

depend on how the  screen is  crossed. The observed s p a t i a l  frequencies 

may be low, high, or s i n g l e  depending on t h e  satell i te path. Similarly,  

a small-scale, one-dimensional screen may produce low s p a t i a l  frequencies 

These proper t ies  

at t h e  observation poin t  i f  i t  is crossed i n  a d i r ec t ion  oblique t o  t he  

scale s i z e .  The complete periods of t he  pa t t e rns  observed below a regu- 

lar two-dimensional screen may become considerably longer than those the  

l a r g e s t  scale s i z e  would produce; t h e  path across the  screen must r e tu rn  

t o  a similar po in t  i n  the  pattern t o  complete the  period. 

2.4 The Two-Dimensional Screen When Modulation is Not Weak 

In  t h i s  case, the phase modulation a t  the  screen can be  expressed 

as : 

2nX0 2”y4 
L1 L2 

j$o cos - cos 

e 

the  temporal proper t ie  

(2-33) 

2nxo 2TYo 

L1 L2 
L e t  A = - and B = - 
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Then: 

When t h e  expansions given by 2-17 and 2-18 a r e  used f o r  

4o 21 radian , t he  three  s i g n i f i c a n t  Bessel functions have the  follow- 

ing  range of values: 

1.000 2 Jo($) 2 0.9385 

0.2423 L Jl(2) L 0.0 

The higher order terms are neglected. 

Expression 2-33 may b e  w r i t t e n  as a sum of products: 

2TX0 2TY0 
j$o cos - cos - 

L1 L2 0 cos(A+B) cos 0 cos (A-B 
= c0s[2 1 [2 

e 

(2-34) 
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When a Bessel function expansion is made f o r  each t e r m  and t h e  

mul t ip l i ca t ion  is completed, i f  a l l  Bessel function terms up t o  the  

second power are re ta ined ,  t h e  screen pa t t e rn  becomes: 

J: (?) - 2Jo (F) $0 J 2 (T) '0 [cos (2A+2B) + cos(2A-2B)I 

'0 [cos 2A + cos 2B] - 2J22 - 2J1 (T) [cos 4 A +  cos 43' 

+ j 2J0 '0 J '0 [cos(A+B) + cos(A-B)] { (T> 4A (2-35) 

'0 J '0 [cos(3A+B) + cos(3A-B)] 
- 2J1(3-) 2(T) 

C COS(A+~B) + COS(-A+~B) 

When +o is less than one radian, t he  J22 (2) and 

'0 J terms may be  neglected. Then, using thesame in tegra t ion  J&) 2 ( 3  
applied t o  t h e  weak two-dimensional screen, t he  d i f f r a c t i o n  p a t t e r n  

E(X,  Y ,  2) may be obtained. 

(see following page) : 

For t h e  in-phase components, i t  has 
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+ cos 2 a F  - 
L1 (2-36) 

cos 4axFz cos 4aFX + cos 4axFz cos 4wE 
- 2J+) 1 2 L1 L1 L2 2 .;1 

r h 

a L 

and f o r  the quadrature term: 

~ ~ x F z  cos 4 a F ~  + s in  4.rr~Fi cos (2-37) 
2 

c 

- -'.> L2 

+ cos 4aF 

L1 
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As previously,  the same frequencies e x i s t  i n  the  in-phase and the  quad- 

r a t u r e  terms. The phase of the  d i f f r a c t i o n  p a t t e r n  at  t h e  ground, $ s 

contains a l l  of these terms. 

When the amplitude and phase pa t t e rns  are calculated using 

expressions similar t o  2-11 and 2-12, bu t  including a l l  of t h e  terms of 

2-36 and 2-37, these pa t t e rns  contain some components t h a t  are two or 

t h ree  times the  s p a t i a l  frequency which ex i s t ed  a t  t h e  screen. Also, 

there  are terms present  t h a t  depend on X and Y above. 

To determine some of t he  d i f f r a c t i o n  pa t t e rns  which could form 

behind the two-dimensional cosine phase screen, where the  modulation is 

l e s s ' t h a n  one radian, the  in-phase and quadrature terms have been calcu- 

l a t e d  using a simulation program. 

t h e  phase and amplitude pa t te rns .  

These were then combined t o  obta in  

A number of p a t t e r n s  w e r e  obtained f o r  transmitted frequencies of 

Some of t hese  p a t t e r s  are shown i n  Figures 11 and 12; 20 and 40 MHz. 

t h e  pa t t e rns  are p lo t t ed  versus FX/L1 , t h e  component of motion along 

the  small-scale ax is .  The AS value is the  t o t a l  displacement across 

t h e  screen. 

- 

When these pa t t e rns  are compared with those which develop behind 

a one-dimensional screen, it is  observed t h a t  t h e  multiple frequencies 

are more i n  evidence f o r  t h e  two-dimensional screen. Also, because of 

t he  oblique paths taken across the  regular  screen, the  s p a t i a l  period 

becomes, i n  general ,  several times longer than t h e  scale s i z e .  
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For the  same peak screen modulation, $o , t he  occurrence of 

deep n u l l s  i s  less frequent. This is  due i n  p a r t  t o  the  average 

modulating i n t e n s i t y  of t h e  two-dimensional screen being reduced by 

a f a c t o r  of 2/n as compared t o  t h e  one-dimensional screen. Also, 

there  i s  an increase  i n  t h e  number of s p a t i a l  frequencies i n  the 

screen; the d i s c r e t e  combinations of X , Y , and F Z  , required 

t o  produce deep notches, occur less frequently f o r  a r b i t r a r y  passes 

across the  two-dimensional screen. Thus, l a r g e r  values of $o are 

required t o  produce equivalent s c i n t i l l a t i o n  r a t i o s  f o r  the  ampli- 

tude pa t t e rns  which develop behind two-dimensional screens. The 

one-dimensicma1 screen is the  most e f f i c i e n t  i n  t h i s  respect.  

2.5 Screen Consisting of An Array of Discrete Blobs 

The previous sec t ions  have a l l  considered phase-modulating 

screens where t h e  v a r i a t i o n  of phase w a s  a continuous function of 

one o r  two dimensions along the  screen. 

c o n s i s t  of a number of blobs,  t he  ind iv idua l  blobs may be separated 

I f  t h e  screen is made t o  

by regions which have a constant phase modulation. 

f i gu ra t ion ,  it is  des i r ab le  t o  have a modulation function which 

For t h i s  con- 

possesses zero de r iva t ives  a t  the  center  and a t  the  l i m i t s  of the 

blob. A gaussian function does n o t  f u l f i l l  these requirements; i t  

has de r iva t ives  which are zero  a t  the center  of t he  blob and a t  an 

i n f i n i t e  d i s tance  from i ts  center .  The des i red  modulation func- 

t i o n  a l s o  should allow f o r  a va r i ab le  spacing of the  blobs i n  a 
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two-dimensional screen. Such a function is  a series of cosine-squared 

pulses  which are considered f i r s t  i n  a one-dimensional screen: 

' L1 

L1 I xo < L1 

The funct ion $(Xo) as defined by 2-38 i an even funct ion 

(2-38) 

E 

period dl ; thus i t  can b e  represented by a Fourier series of t he  form: 

+<x,> = a + a cos *"'o + a cos 4 T x ~  + . . . . 0 1 2 
dl dl 

On so lv ing  f o r  the  Fourier coe f f i c i en t s ,  2-39 is  expressed as: 

2nTL1 
m s i n  - 

2n7rX0 
cos - dl - L l +  _I 

dl n = l  nx E -f;t?i] dl 

(2-39) 

(2 -40)  

The coe f f i c i en t s  f o r  the harmonic components contain,  as a para- 

meter, - 2L1 , the  r a t i o  of blob diameter t o  center  spacing. The norma- 

dl 

l i z e d  c o e f f i c i e n t s  ( the  l a r g e s t  value i s  made equal t o  1) are p lo t t ed  

versus n i n  Figure 13  with the  quant i ty  2Ll/dl a parameter. From four 

t o  seven s i g n i f i c a n t  terms are required f o r  the  series representat ion;  i n  
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1. 

lCnl U6 

X 
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0 
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X A 

2L/d = I/ 

2L/d = I /  
2b/d = I/ 

0 2L/d=1/6 

0 

A 

0 A 
x 

A 

X 

X 

0 

Figure 13. Normalized Coefficients (C,) versus n with 2L/d a Parameter 
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every case shown, 

l a r g e s t  amplitude e 

2Ll/dl from 1/2 to 1/6 ,  t h e  f i r s t  harmonic has t h e  

I f  t he  phase modulation is  assumed weak, t h e  one-dimensional 

screen modulation function may be expressed as: 

2nlrX0 N 

n = l  

' L  
$(X,> = 1 + j$o 2 + j$, cn cos 

dl dl 

(2-41) 

The average component, which is  similar t o  t h e  e f f e c t s  of a uniform s l ab ,  

produces a mean phase s h i f t  fo r  t h e  undi f f rac ted  component. I f  each of 

the  terms are manipulated using the  methods of 2.1, t he  in-phase and 

quadrature aomponents f o r  t he  p a t t e r n  a t  t h e  ground, when t h e  m u l t i p l i e r ,  
- 
F , and the  phase of the  main component are removed, become: 

In-Phase 

2 N 
1 + +o C cn s i n  n TXFZ cos n 2 v E  

n = l  d12 dl 

( 2 - 4 2 )  

Quadrature 

2 M 
$o c C, cos n ~ A T Z  cos n2nm + 4 L1 

dl dl 
0- n = l  2 

When t h i s  model i s  used f o r  t he  t h i n  screen, t h e  mean value of t he  

phase s h i f t ,  which t h e  wave f r o n t  makes i n  passing through t h e  screen, is  

* Since t h i s  constant t e r m  does not cont r ibu te  t o  t h e  d i f f r a c t i o n  
L1 $0 - 
dl 

pa t t e rn ,  i t  is  not included i n  the  expressions f o r  p a t t e r n  development, 
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The phase and amplitude pa t t e rns  which r e s u l t  from 2-42 are: 

cos n 2 Z ~  

dl 
(2-43) 

I f  t h e  value of 4 

terms, 

is  increased t o  permit consideration of second order 0 

2 N 

n = l  
4) = +o c cos n ~AFZ cos n 2 r e  

d n 

2 N  - - 40 c cn2 s i n  
4 n=l  d 

and 

2 
n = l  d 

N 
A = 1 + +o C cn s i n  n ~AFZ cos n 2 r F ~  

N 
+ 1 /4  $o 2 Cn2 fL -I- cos n4ryX) 

n=l  d 

,, N i l  N 
2 1 c n m (  c s i n  n ~XFZ s i n  m r 

d12 

(2-44) 
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Expressions 2-44 show t h a t  i f  the  screen cons is t ing  of spaced 

l a r g e  enough f o r  second order terms t o  anomalies has a value of 

be considered (0,3 $ 4o 5 0.51, higher frequency components w i l l  be 

observed i n  the  amplitude pa t t e rn  before they appear i n  the  phase pat- 

t e rn .  

e n t s ,  t h e  squared terms involved contain a number of addi t ions .  

example, f o r  N = 6 

has th ree  cont r ibu t ing  terms. 

coe f f i c i en t  which is a function of FZ 

screen may m a k e  them as l a r g e  as t h e  f i r s t  harmonic. 

s m a l l  values of FZ 

higher harmonics. 

I$ 0 

Because the  amplitude is  t h e  sum of t h e  two orthogonal compon- 

For 

the  s i x t h ,  seventh, and e ighth  harmonics each 

Because each of these  terms has a 

, ce r t a in  d is tances  from the  

I n  p a r t i c u l a r ,  

tend t o  increase  the  relative importance of t h e  

The d i s c r e t e  blobs may have a cosinusoidal shape i n  the  two 

dimensions, XoYo . I n  t h i s  case t h e i r  Fourier series representa t ion  

becomes a product function: 
1 

where f1(Xo) = - L1 4- 
dl 

? 
n=1 

s i n  n2aL, 

d. I 

2nL1 

dl 

s i n  m2nL2 

d2 

n2aX0 cos 

dl 

(2 -46)  

cos m2aY0 

(2-45) 
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When Cn and Cm are used f o r  t h e  Fourier coe f f i c i en t s ,  2-45 

becomes f o r  t h e  weak screen: 

(2-47) 

m2rY0 M 

m = l  
+ cm cos -1 

d2 

I f  t h e  methods employed t o  obtain 2-29 and 2-30 are used f o r  2-47, 

t h e  in-pliase and quadrature components are found a t  a dis tance ,  2 , 
from t h e  screen: 

In-Phase 

r 1 

L J 

Quadrature 

N M  
n m  2 n = l  m = l  

cos 2lrF - (q nX + 3) my + cos 2nF - (3 nX - q) my 

(2-48) 

(2-49) 

L d 
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I n  the above expressions, when L1 = dl and L2 = d2 only the  

Cm f o r  n = l  and m = l  are non-zero and they become i d e n t i c a l  t o  'n 3 

2-29 and 2-30 which represent the continuous screen. 

moved a p a r t  such t h a t  two and th ree  values of 

f i c a n t ,  t h e  number of 'frequencies present i n  the  pa t t e rns  are increased 

from 2 t o  8 and 18--the number of frequencies being equal t o  2N2 . In  

I f  the  blobs are 

and Cm are s igni -  'n 

t h i s  s i t u a t i o n  the  d i f fe rence  frequencies maintain the  higher energy 

level a t  the  low end of the spectrum. 

A computer program w a s  used t o  ca l cu la t e  t he  in-phase and quadra- 

t u r e  terms of t he  d i f f r a c t i o n  pa t t e rn .  These terms w e r e  then combined 

t o  obta in  the  amplitude and phase d i f f r a c t i o n  pa t te rns .  Di f fe ren t  blob 

s i z e s  and spacings were employed f o r  the  simulations,  using transmitted 

frequencies of 20 and 40 MHz. 

Figures 14  and 15 .  The independent parameters f o r  t he  curves are the  

screen model, t he  d is tance  t o  the screen, and the  d i r ec t ion  of t r a v e l  

across t h e  screen. The d i r ec t ions  are taken such t h a t  Y = aX where 

a has values of 0.001, 2.5, 5.0, and 100, The two cases where motion 

is  near  p a r a l l e l  t o  Xo o r  Yo show a per iodic  p a t t e r n .  The oblique 

crossings of t h e  screen show pauses between the  s c i n t i l l a t i o n s  which are' 

observed a t  t i m e s  i n  the records of sa te l l i te  t racks .  The phase patterns 

show propor t iona l ly  more low frequency components; these  components take 

a longer d is tance  t o  develop i n  the amplitude pa t te rns .  

Some of these  patterns are shown i n  
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2.6 A Thick Screen 

I n  t h e  previous models, i n f i n i t e l y  t h i n  screens were used. For 

these  screens ,  though mul t ip le  frequencies may be present,  no amplitude 

v a r i a t i o n s  e x i s t  when the wave emerges from the  bottom. For ionospheric 

phase modulation, t he  screens  have a f i n i t e  thickness over which the  

modulation is imposed. To determine the e f f e c t  of a screen having thick- 

ness ,  t h e  d i f f r a c t i o n  pa t t e rns  produced behind f i v e  t h i n  screens which 

have a va r i ab le  spacing, Zi , are inves t iga ted .  Each l aye r  i n  the  

mul t ip le  screen has its own scale s i z e ,  

$i . A t  a d is tance ,  Z1 , below the  top l a y e r  of t h e  complex f i e l d  is: 
Li , and modulation i n t e n s i t y ,  

2 
jSXl  

j 21i (zl + z-) A(Z1 + z") 
e = f i e  A 

El@,, Z1) 

- (2-50) 1. + s i n  "~51~ cos 2*F 1 x 1 i j41 cos IiXFIZ1 

2 
L1 L, 

2 
L, L 

a 
cos 21iF1x1 

L1 

A t  d i s tance  Z a second screen 1 

inc ident  wave i n  the  form: 

I I 

e x i s t s  and weakly phase-modulates t he  

(2-51) 
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Then immediately below t h i s  i n f i n i t e l y  t h i n  screen, the  complex f i e l d  is: 

- - - . + +1 s i n  cos 2*F1X1 - +1+2 cos rhFIZl 

L1 

- 
cos 21rXl cos 2rF1X1 I 

L2 L1 
J 

+ j + cos 

[l 

- 
*hFIZl 

L1 
2 

(2-52) 

- - 
*hFIZl cos 2rF1X~ + +2 cos 2*x1 + +1+2 s i n  - - n 

1 L L 

L1 2 L 

Each l a y e r  i s  considered weak such t h a t  + 5 0.2 ; t h e  s p a t i a l  i 

frequencies assoc ia ted  with + i s  + products w i l l  then have c o e f f i c i e n t s  

less than 0.02 and may be neglected.  
j 

The process i s  continued t o  include the five cosinusoidal phase- 

modulating screens; then the  complex f i e l d  a t  a d is tance ,  

t he  last  screen contains the  s i n g l e  s c a t t e r i n g  cont r ibu t ions  of each of 

Z5 s below 
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the screens. 

functions of X5, Z5 are: 

The in-phase and quadrature 

In-Phase 

1 +  

+ 

+ 

+ 

+ 

components 

- A _ - - -  

2aF F F F F X  s in  AAF~'l cos 1 2 3 4 5 5 41 T 

---- 
s in  *"2~2 cos 2*F2F3F4F5X5 

42 n 
L 

=2 

2 J 

L3 L3 

- -- 
2nF4F5X5 s in rhF484 cos 44 - 2  L.  

4 L4 

2 J 

L5 

Quadrature 

L5 

----- 
2aF F F F F X cos 1 2 3 4 5 5  

- ---- 
2 7iF2 F3 F4F5X5 + 4 cos aXF2B2 cos 2 ,. 

+ r$3 cos nXF3B3 cos 2rF3F4F5X5 

L3 2 
L3 

21T54F5x5 cos "XF4@4 cos 
+ 44 .-I T 

L 

L4 
- - 

4- cos *AF525 cos 2nF5X5 
n 

of the f i e ld  as 

(2-53) 

(2-54) 
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= Z1 + PlF2Z2 + FlF22F3Z3 + PlF2 2 2  F3 F4Z4 + glF2 2- F3 2 F4 2 F5Z5 
% where 

(3, = Z2 + F2P3Z3 + F2p3234Z4  + F2P3 2- F 4  2- F5Z5 

B3 = z3 + “F4z4 + F3F4*F5Z5 

B4 = z4 + P F z 4 5 5  

P, = Z’ 
Z’ + z1 

- Z’ + z1 F, = 
L 2’ + z1 + z2 

Z’ + z1 + z2 
Z ’ + Z  + z 2 +  z3 F3 := 

1 

Z ’ + Z  + z 2 + z 3  P4 = 1 
Z ’ + Z  + z 2 + z  + z 4  1 3 

Z’ + z1 + z2 + z3 + z4 F, = 
Z ’ +  z + z2 + z3 + z4 + z5 1 

A computer program was used to calculate the diffraction patterns 

which developed behind this five-level screen. Twenty independent para- 

meters were used to  define the screen: 

$ I i  , i = 1, . e 1 0  5 .  

zi , i = 1, e . .  5 .  

Li , i = 1, * e .  5 .  

R i = 1, e . .  5. i ’  
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where a is t h e  phasing of t h e  cosinusoidal modulation a t  

X = 0 e 

i 

The in-phase and quadrature terms were f i r s t  obtained; 

t he re  were then used t o  compute t h e  phase and amplitude pa t t e rns .  

A number of pa t t e rns  were computed t o  determine e f f e c t s  of vary- 

i n g  independent parameters. 

16 and 1 7 ,  where t o t a l  thicknesses of 10 and 100 km have been used. 

Selected r e s u l t s  are shown i n  Figures 

The pa t t e rns  of both these screens show e f f e c t s  of the  multiple 

frequencies which are present.  The only d i f fe rence  is t h a t  the 

focusing o r  i n t e r f e rence  pa t t e rns  of t h e  t h i n  screens are sharper. 

A change i n  screen thickness has  l i t t l e  e f f e c t  on the  pa t t e rns  

produced. This is  p a r t i c u l a r l y  t r u e  when the  screen i s  near  the 

midpoint between the r ad ia t ing  source and the receiver where the  

pa t t e rn  is  observed. 

2.7 Relationships Between Di f f r ac t ion  Pa t t e rns  and the Phase- 
Modulating Screen t h a t  Produces Them 

As t he  d i f f r a c t i o n  p a t t e r n s  measured behind an ionospheric 

screen vary with the  d is tance  from the  screen, t he  s i t u a t i o n  where 

a satel l i te  is  tracked through an ionosphere of constant he ight  

causes the p a t t e r n s  t o  be a function of zeni th  angle. This depen- 

dence on zeni th  angle r e s u l t s  because the  parameter FZ is 
- 

doubled when the  zeni th  angle changes from overhead t o  60 degrees. 

A t  the  screen i t s e l f ,  the v a r i a t i o n  of phase modulation across t h e  

screen  requi res  a corresponding v a r i a t i o n  i n  the  e l ec t ron  density.  

The d i f f r a c t i o n  p a t t e r n  which the  screen produces on the  sur face  

of t he  Earth has scatters which o r i g i n a t e  from a f i n i t e  region 
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of the screen when only weak sca t te r ing  is considered. 

dimensional screens investiaged i n  t h i s  study have peak modulations 

of one radian or  less ., 

screen area, distance,  and electron content var ia t ions are presented 

i n  t h i s  section. 

The two- 

The relationships between the pat terns  and 

2.7.1 The region of the Screen t h a t  can Contribute to  the P a t t e r n  
a t  One Point on the Earth's Surface 

The radiat ion which i s  incident on the screen from above has 

scat tered components fo r  the Nth harmonic which makes angles of 

nA/L with the wave normal'']. When the s a t e l l i t e  source is a t  a 

f i n i t e  distance,  Z' , above the screen, the sca t te r ing  angle at  

the screen is nh/L I and the d i f f rac t ion  pat tern is measured at  a 

distance,  Z behind the screen; then the scattered components 

arrive a t  the observation point making an angle, 

normal of the undiffracted component. 

nFA/L , w i t h  

Because the sca t te r ing  angles are small fo r  weak scat ter ing,  

the distance along the screen measured from the wave normal to  the 

point where the scattered component originates i n  the screen AS , 
is given by: 

- 
AS M FZ A/L (2-55) 
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For the  nominal sa te l l i te  he ight  of 1000 I m  and the ionospheric region 

of i n t e r e s t  s t a r t i n g  a Z = 250 Km , FZ varies from 187 km t o  250 km 

when t h e  satell i te is overhead. When the  zeni th  angle is  increased t o  

50 degrees, then FZ 

sphe r i c  he ights  (Figure 18). Some values of AS have been calculated 

f o r  the  20 MHz s i n g l e  using n = I. and FZ and L as parameters. 

These are l i s t e d  i n  Talbe 1. The l i n e a r  dependence of these values on 

- 

varies from 280 km t o  350 km f o r  the  same iono- 

n and X makes them l a r g e r  f o r  n = 2 bu t  less f o r  t he  40 MHz s igna l ,  

It is shown i n  Section 2 .4 ,  f o r  t he  two-dimensional screens con- 

s idered  i n  t h i s  i nves t iga t ion ,  t h a t  t he  values of n of 1 and 2 are 

adequate. For a weak screen, only n = 1 is used. It is evident t h a t ,  

when t h e  satel l i te  is  overhead; only those screens with scale s i z e s  less 

than two km w i l l  have scatterers o r ig ina t ing  a t  poin ts  more than a scale 

s i z e  away from t h e  undi f f rac ted  component. If the  zeni th  angle i s  

increased t o  50 degrees, scale s i z e s  of th ree  km or  less w i l l  have 

s c a t t e r i n g  cont r ibu tors  a t  more than a scale s i z e  away from the  undif- 

f r ac t ed  component. Thus i t  is  seen, f o r  the  weak screen, t h a t  the  re- 

gion of the screen occupied by a few anomalies contributes t o  t h e  

pa t t e rn .  The ray  opt ice  theory may be applied here t o  determine the  

cont r ibu t ing  screen area as the  scale s i z e s  involved are very l a rge  

compared with t h e  wavelength. 

When modulation of up t o  one radian i s  considered, the  region of 

the screen which cont r ibu tes  t o  t h e  pa t t e rn  increased four-fold. How- 

ever,  the  region cont r ibu t ing  t o  the  40 MHz s i g n a l  pa t t e rn  is  only one 
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Figure 18. FZ and hI for FZ Max Versus Zenith Angle 
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Table 1 Distance Along The Ionospheric Screen From the Undiffracted 

n = 1 Component t o  the Scattered Component: X = 0.015 km 

- 
FZ = 180 km 250 km 300 km 350 Irm 

L = 1. km 2.70 km 3.75 km 4.50 km 5.25  km 

L = 2 . k m  1.35 km 1.875 km 2.25 km 2.63 km 

L = 3.  km 0.90 km 1.250 km 1.50 km 1.75 km 

L = 4 .  km 0.68 km 0.938 km 1 .13  km 1 . 3 1  km 

L = 5 .  km 0.54 km 0.750 km 0.90 km 1.05  km 
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quar t e r  of t h e  s i z e  of the region cont r ibu t ing  t o  t h e  20 MHz s i g n a l  

pa t te rn .  This l imi ted  region of the screen, which can cont r ibu te  t o  

the  p a t t e r n  a t  a po in t  i n  terms of the  anomaly s i z e ,  becomes a s t r i p  

f o r  t he  length of record sampled. 

ana lys i s ,  only a f e w  dominant scale s i z e s  e x i s t .  

anomalies which cont r ibu te  t o  the  p a t t e r n  over t he  record length  is 

used f o r  j u s t i f i c a t i o n  of t he  modeling. 

With the  s h o r t  records used f o r  

The s m a l l  number of 

An increase  i n  the  zeni th  angle of t he  satellite's pos i t i on  no t  

only increases  t h e  e f f e c t i v e  d is tance ,  FZ , but  a l s o  produces a tilt 

of a sphe r i ca l ly  s t r a t i f i e d  screen away from i ts  normal pos i t i on  which 

i t  makes wi th  the  r ad ia t ion  at overhead. The tilt angle is given as a 

function of zeni th  angle,  with ionospheric he ight  a parameter i n  Figure 

19. If  a zeni th  angle of 50 degrees i s  se l ec t ed ,  then f o r  n = 2 and 

L = 1 (Table 1) , t he  maximum value of AS i s  10.5 km. This displace- 

ment increases  t o  15.7 km along t h e  t i l t e d  screen and represents  a 

change of Z of 11.6 km. The e f f e c t  of t h i s  change on the  argument of 

the  Fourier coe f f i c i en t s ;  n2 h A T Z  , can be found by using: 

L2 

r 
S 

then : 

(2-56) 

(2-57) 
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This represents  a change of 26.8 degrees i n  t h i s  extreme case, when 

17 = 2 L = 1 , and zenith angle 50 degrees. For the  weak screen, 

the  change i n  the  function of Z is only one-eighth as la rge .  Thus, 

f o r  t h i s  study the e f f e c t s  of t i l t s  w i l l  be considered t o  be second 

order. The major e f f e c t  produced when the  screens are t i l t e d  is  t o  

a l ter  the  pro jec t ion  of t he  anomalies on the  plane which is  normal t o  

the  l i n e  of signal propagation, 

is changed when t i l t i n g  is present ,  

The scale s i z e  observed a t  t he  antenna 

2.7.2 The Ef fec t  of Zenith Angle and Distance on Amplitudes of t he  
Va'rious Frequency Components of t he  Dif f rac t ion  Pa t t e rns  

The previous sec t ions  demonstrated t h a t  f o r  the  one-dimensional, 

weak phase screen each Fourier component i n  the  amplitude pa t t e rn  i s  

mul t ip l ied  by s i n  riAF?/L: 

p a t t e r n  is  mul t ip l ied  by cos rAFZ/Li , where 

a t  t h e  screen which produces t h e  p a r t i c u l a r  component. 

has a phase modulation which is a function of two dimensions, the  term 

2 x$Z/Li. is mul t ip l led  by a f a c t o r  which l ies  between 1 and 2, depend- 

ing  on t h e  r e l a t i v e  scale s i z e  i n  t h e  two dimensions. When these scale 

s i z e s  are equivalent,  t he  f a c t o r  is  2 and the  same frequencies are con- 

ta ined  i n  t h e  d i f f r a c t i o n  pa t t e rns  regardless of t h e  sa te l l i t e  motion 

over t he  screen, When one dimension is  twice as l a rge  as the  o ther ,  t he  

f a c t o r  is 1 . 2 5  and some of the  frequencies can be lower due t o  t h e  d i f -  

while each Fourier component i n  the  phase 

Li is  t h e  scale s i z e  2 

When the  screen 

ference terms (2.321, Thus i t  is  seen t h a t  the frequencies which appear  
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prominently i n  the  d i f f r a c t i o n  pa t t e rns  depend on the  two-dimensional 

scale s i z e s ,  t h e  d is tance  t o  t he  screen, and d i r ec t ion  i n  which the  

screen is  crossed. 
- 

The v a r i a t i o n  i n  FZ as a function of zenith angle, f o r  th ree  

values of ionospheric height and a satel l i te  height of 1,000 km, has 

been ca lcu la ted .  This has been used i n  t h e  expression 2n?&/Li2 f o r  

X = 0.015 km t o  determine the  v a r i a t i o n  of  Li versus zeni th  angle 

when 2aX?Z/Li *is a parameter. These are presented as the  curves i n  

Figures 20 through 25 where 0 = 2nAFZ/L: is  the parameter, 

2 

Values of 0 of a /2  and 3w/2 would maxlmize the  amplitude 

pa t t e rn ,  while values of 0 t h a t  are near 0 o r  IT would maximize 

the  phase pa t t e rn .  

(A = 0.0475 km) s i g n a l  is  considered, 0 i s  0 / 2  e These curves are 

used t o  determine how each scale s i z e  can cont r ibu te  t o  t h e  amplitude 

o r  phase p a t t e r n s  observed on the  Ear th ' s  sur face .  

When a one-dimensional screen or  t h e  40  MHz 

When these pa t t e rns  are recorded and analyzed by Fourier methods, 

c e r t a i n  frequency components have more energy than do o thers .  The 

r e l a t ionsh ips  between scale s i z e  and zeni th  angle with frequency as a 

parameter f o r  t he  s a m e  sa te l l i t e  have been calculated and are presented 

i n  t h e  b curves of Figures 20 through 25. 

t he  Fourier spectrums t o  determine the  scale s i z e s  of the phase modulat- 

These curves are used with 

ing  screens.  

Figures 20 through 2 5 .  have two appl ica t ions ;  one i s  t o  determine 

how a change i n  zeni th  angle w i l l  cause 

s i z e .  The o the r  is  t o  determine what s c a l e  s i z e s  are required t o  produce 

0 t o  vary f o r  a given scale 
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2r 

Figure 20. Scale S ize  Versus Zenith Angle with 0 a 
Parameter, hI r 250 km 
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Figure 21. Scale S i z e  Versus Zenith Angle with Frequency at 
Receiver a Parameter, hI = 250 km 
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c e r t a i n  frequency components i n  the  pa t t e rn .  Then the  dependence of 

the  Fourier c o e f f i c i e n t s  on the  p a r t i c u l a r  value of 0 i s  determined. 

A l a r g e  por t ion  of t h e  d a t a  ana lys i s  involves the  comparison of 

the  phase and amplitude pa t t e rns  and t h e i r  frequency spectrums. To 

help accomplish t h i s  comparision, the  r e l a t i v e  importance of the  coef- 

f i c i e n t s  of each term have been ca lcu la ted  and p lo t t ed  as a function 

of 0 e I f  t h e  20 MHz amplitude pa t t e rn  has Fourier coe f f i c i en t s  of 

t h e  form: 

(2-58) 

i & 

when “pi = phase modulation imposed on the 20 MHz wave; 

X1 = wavelength of the  20 MHz s igna l ,  0.015 km; 

Li = scale s i z e  of t he  i t h  term; 

t h e  20 MHz phase pa t t e rns  w i l l  have Fourier coe f f i c i en t s  of t h e  form: 

(2-59) 

i & 

and t h e  Fourier components of t he  amplitude and phase pa t t e rns  of t he  

40 MHz s i g n a l  have t h e  coe f f i c i en t s :  

(2-60) 

i L 
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= (Pi,2 cos 2 7 r q z  
'i(40) (2-61) 

where X2 = the  wavelength of t h e  40 MHz s igna l .  

The phase measured a t  each end of the  base l ine  system i s  t h a t  of 

the  phase d i f fe rence  between the two frequencies. 

phase d i f f e rence  have the coef f ic ien ts :  

The components of the  

(2-62) 

The th ree  pa t t e rns  used i n  most of the  comparisons are the  two 

amplitude pa t t e rns  and the  phase d i f fe rence  pa t te rns .  These pa t t e rns  

are p lo t t ed  as a function of 0 f o r  the  X of 20 MHz and with (Pi 

normalized t o  1 i n  Figure 26. 

Examination of these  curves revea ls  i n t e r v a l s  t ha t  y i e l d  l a r g e r  

coe f f i c i en t s  f o r  the  40 MHz pa t t e rn  than fo r  the  20 MHz pat te rn .  Also, 

when 0 l i es  between A and 2n , the coe f f i c i en t s  of t he  two ampli- 

tude pa t t e rns  a r e  of opposite s ign ,  which s h i f t s  the n u l l s  of one pat-  

t e r n  wi th  respect t o  the  o ther .  i s  seen 

to  have c o e f f i c i e n t s  which are from zero t o  1.5 t i m e s  l a r g e r  than 

The n u l l s  i n  the  Fourier spectrum of the  20 MHz amplitude pa t t e rn  w i l l  

occur i n  conjunction with a maximum i n  the  phase d i f fe rence  pa t t e rn .  

The o ther  d i f f r a c t i o n  pa t t e rn  considered i s  obtained from the 

The phase d i f fe rence  p a t t e r n  

vi 

phase d i f fe rence  across the  baseline.  I n  thes imples t  case, t h e s a t e l l i t e  

motion i s  p a r a l l e l  t o  the base l ine  and the screen has a one-dimensional 
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v a r i a t i o n  i n  t h e  same d i r ec t ion .  

f o r  t h e  20 MHz s i g n a l  wil1,have Fourier components of the  form: 

Then the  interferometer phase pa t t e rn  

= 9 cos os 2IrF-x - cos * (X-q 
Li Li 

'i(20-20,) i 

= 29, cos 2rhlFZ 
1 n 

L i L  

s i n  xP2b 

L,i 

(2-63) 

where tan  

- 

p = t he  separa t ion  a t  t h e  screen, p NN Fb. 

Thus i t  is seen t h a t  t h e  base l ine  interferometer a c t s  as a spa t ia l  

f i l t e r  on the  Fourier components. 

ponent l ies  a t  the  center  of t he  pass band, L 

The s c a l e  s i z e  whose d i f f r a c t i o n  com- 

, is  a function of 
i (MI 

The scale s i z e  is within the  f i l t e r  half-power points when: 

1.33 "Fb Li 5 4."F2b 

When the base l ine  is p a r a l l e l  t o  t h e  s c a l e  dimension of t he  one- 

dimensional sc reen  but  not t o  the  sa te l l i t e  motions, then the  rays t o  

the  two ends of t h e  base l ine  follow para l le l  tracks through the iono- 

sphe r i c  screen which a r e  separated by d is tance ,  BP : 

- 
AP = Fb s i n  a (2-64) 
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where IY, is the  angle between the base l ine  and the satel l i te  motion. 

The separa t ion  of t he  rays measured i n  t h e  d i r ec t ion  of motion i s  

AD : 

- 
AD = Fb cos a (2-65) 

which has the  e f f e c t  of increas ing  the  apparent scale s i z e .  

length,  b must be  longer by sec a t o  maximize a p a r t i c u l a r  Fourier 

component when the  satell i te motion i s  not  p a r a l l e l  t o  t h e  baseline.  

two requirements f o r  maximizing a p a r t i c u l a r  Fourier component are then: 

The base l ine  

The 

2 Li = 2P b cos a 

(2-66) 

=i = 2 G  

The frequencies most o f t en  observed i n  the  d i f f r a c t i o n  pa t t e rns  

measured i n d i c a t e  t h a t  Li i s  from 2 t o  5 km. 

between 0.5 and 0.75, a base l ine  having a length of 5.0 km would place 

A s  the value of 7 l ies 

t h e  pass band i n  the  center  of the expected frequencies. The 1 km base- 

l i n e  used i n  t h i s  study put t he  d i f f r a c t i o n  components of a l l  scale s i z e s  

g r e a t e r  than 2.2 km outs ide  of t he  half-power poin t .  

which i s  s o  a t tenuated  is  reduced t o  1.0 km when the screen l i es  half-way 

between t h e  sa te l l i t e  and receiver. 

The scale s i z e  

The e f f e c t s  of a p a r t i c u l a r  base l ine  length can be extended t o  

include t h e  more general  case where the  screen i s  two-dimensional and the  

d i r ec t ions  of t he  sa te l l i t e  ground t rack ,  t he  base l ine ,  and the  a x i s  

i n  the  screen are a r b i t r a r y .  I f  $ i s  t h e  angle between the  d i r ec t ion  

Xo 
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of t h e  Xo a x i s  and the  base l ine ,  and a is  the angle between t h e  base- 

l i n e  d i r ec t ion  and the  satell i te ground t r ack ,  t he  motion across the  

screen is such tha t :  

Yo = axo 

a = Tan ( a + B )  

(2-67) 

I f  a ray through (X , Y ) goes t o  one end of the  base l ine ,  the  ray t o  

the second end has a paral le l  d i r e c t i o n  of travel: 
, o  0 

Yo,-- = axo’ + P 

- 
X0# = xo - Fb cos B (2-68) 

- 
P = Fb (a cos 6 - s i n  6) 

The indiv idua l  sum and d i f f e rence  frequencies f o r  the  phase pa t t e rn  of a 

two-dimensional screen are given by2-31. 

and 2-68 are used i n  2-31, and a phase d i f fe rence  across a base l ine  s i m i -  

lar  t o  2-63 is des i red ,  expression is: 

I f  t he  r e l a t ionsh ips  of 2-67 

I 
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This can be expressed by: 

2 
$i(29-20b) = Vi cos os B rt 3 s i n  

L2 

when a = 0 B = 0 , L1 = L2 = L1 , 2-70 and 2-63 

(2-70) 

are i d e n t i c a l  . 
The f i l t e r  e f f e c t  of t h e  base l ine  is then represented by a product 

of a function of Z and a function of b , each of which has its n u l l s .  

When b/Li 

w i l l  be  atterluated f o r  a l l  Z 

is s m a l l ,  t he  d i f f r a c t i o n  component which has the  scale s i z e  

The phase d i f f e rence  p a t t e r n s  between the  two frequencies as 

expressed by 2-62 use s i g n a l s  which a l s o  have a separa t ion  of t h e i r  paths 

from t h e  satel l i te  t o  the  antennas loca ted  a t  one end of the  base l ine .  

When these  20 and 40 MHz s i g n a l s  pass through the ionosphere having a 

zeni th  angle which is n o t  zero, t h e i r  ray paths a r e  bent by d i f f e r e n t  

amounts, The 20 MHz s i g n a l  is bent t he  most; i t  e n t e r s  t he  top of t h e  

ionosphere with a smaller zeni th  angle than t h a t  of t he  40 MHz s igna l .  

The two rays w i l l  c ross  a t  a poin t  s l i g h t l y  above the he ight  of peak 

ionospheric dens i ty  and have a maximum separa t ion  a t ' h e i g h t s  of 200 and 
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500 km. 

mum separa t ion  f o r  nighttime conditions t o  be about 1.0 km f o r  a zeni th  

angle of 30 degrees and 2.5 km f o r  a zenith angle of 45 degrees. 

r a t i o n  between the  ordinary and extraordinary components of each f r e -  

quency a l s o  e x i s t s  and has been discussed by Roger, (1965) [I3] e 

s p a t i a l  frequencies obtained from the records of d i f f r a c t i o n  pa t t e rns  

and the t i m e  co r re l a t ion  of t he  amplitude pa t t e rns  of t he  two frequencies 

Calculations made using a parabol ic  p r o f i l e  i nd ica t e  t h i s  m a x i -  

A sepa- 

The 

ind ica t e  t h a t  any .separa t ion  a t  screen heights is s m a l l .  

The separa t ion  of these  rays  i n  the  ionosphere is a function of 

t he  frequencies,  t h e  zeni th  angle, and the  ionospheric p r o f i l e .  There is 
- 

no dependence on F as is  t r u e  f o r  t he  base l ine  system. L e t  the  ray  

pa th  pro jec t ion  on the  screen make an angle, a ,with the d i r ec t ion  of the  

satel l i te  t r a c k  across t h e  screen and l e t  t h i s  t rack  make an angle, (3 , 

with t h e  Xo ax i s .  Then i f  the separa t ion  of t he  two raysmeasuredalong 

t h e  screen is  r t h i s  separa t ion  has components i n  the  screen coordi- 

n a t e  system given by: 

Xo' - Xo = r cos ( a  f (3) 

(2-71) 

Y o @  - Yo = r s i n  ( a  -f (3) 

When the  sa te l l i t e  motion across the  screen is  given by: 

Yo = axo 

(2-72) 

a = Tan (3 
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Then t h e  r e l a t ionsh ip  between the  two poin ts  i n  the  screen can be 

expressed i s  : 

x0’ = x0 + r cos (a + 6) 
(2-73) 

Yo0 = axo + r s i n  (a + 6) 

The Fourier c o e f f i c i e n t s  f o r  t h i s  d i f fe rence  p a t t e r n ,  when the  

screen was one-dimensional and the re  w a s  no d i f f e r e n t i a l  r e f r ac t ion ,  were 

given by 2-62, When the  screen is  two-dimensional and the d i f f r a c t i o n  

separa t ion  and sa te l l i t e  motion is  given by 2-72 and 2-73, these coef- 

f i c i e n t s  are : 

* A p Z  cos 3 (1 k L *) x +i(20-40) E 2 COS 

L1 2 2 
L1 

+A2FZ - p i  cos - 
4 2 

L1 =2 

L where V’ = COS (a + e) + 2 s i n  ( a  + 8) 

This can be expressed by: 

+i(20-40) = K COS 

(2-74) 

(2-75) 
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When r is  0 t h e  magnitude of $i(20-40) bas a dependence on 2 

and the  scale s i z e s  as shown i n  Figure 26. 

l i m i t s  e x i s t  f o r  $i(20-40) 

of Z . Thus i f :  27rTrV = n/2 , t he  phase d i f fe rence  curve i s  

When r is  no t  zero, the same 

, bu t  they w i l l  occur f o r  d i f f e r e n t  values 

L1 
s h i f t e d  t o  t h e  l e f t  by 0 = IT and inverted s o  the  value is  + 1 
when 2 = 0 . When 21rFrV = IT t h e  curve i s  s h i f t e d  t o  t h e  l e f t  

- =a 
by IT Thus, when ray separa t ion  occurs, the p a r t i c u l a r  value of FZ 

Li ' which suppresses a Fourier component o r ig ina t ing  from a scale s i z e ,  

is s h i f t e d  t o  another value. The presence of ray separa t ion  does not 

e l imina te  more s p a t i a l  frequencies; i n  f a c t  f o r ;  2sFrv = s / 3  

L1 

regions e x i s t  where a l l  th ree  of t h e  pa t t e rns  represented by Figure 26 

can have s i g n i f i c a n t  Fourier coe f f i c i en t s  f o r  t h e  same 0 e 

I n  t h e  development above, the form of the individual Fourier com- 

ponents has been determined f o r  t h e  d i f f e r e n t  pa t t e rns  t h a t  were measured, 

These were functions of the  modulation a t  the  screen, the  scale s i z e p  the  
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d i s t ance  and t h e  wavelength. Next, the  r e l a t ionsh ip  between the  power 

of the  phase and amplitude p a t t e r n s  w i l l  be  determined. 

tude p a t t e r n  of the  20 MHz s i g n a l  cons i s t  of a number of weak Fourier 

components so  i t  can be  wr i t t en  as: 

L e t  t he  ampli- 

2 
cos 2nnF~ A = l + V o  N Cn s i n  n 2ri1Fz 

L L2 n = l  

then: 

And t h e  phase p a t t e r n  f o r  t h e  same screen has t h e  variance: 

N 2 n 2 2ni1Fz 
q2 = - Po2 cn2 cos 

2 n = l  -2 

(2-76) 

(2-77) 

(2-78)  

L 

However, t h e  phase pa t t e rns  measured are phase d i f fe rence  patterns,  either 

between t h e  two frequencies a t  one poin t  or  between the  two ends of t h e  

base l ine .  The variance of the  p a t t e r n  across the  bas l ine  is: 

2 nn% s i n  - 
L (2-79) 
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When the  phase d i f fe rence  between t h e  two frequencies is taken, 

and vo 

variance of t h i s  d i f f r a c t i o n  pa t t e rn  is: 

represents  t he  phase modulation of t h e  20 MHz signal, the  

The q u a n t i t i e s  on the  l e f t  of expressions 2-78, 2-79, and 2-80 have been 

ca lcu la ted  from the  measured da ta  and are p a r t  of the output of the  

Fourier ana lys i s  computer progzams. 

the  amplitude s c i n t i l l a t i o n  and the  phase s c i n t i l l a t i o n s  of t he  two 

di f fe rence  pa t t e rns  are given by t h e  following functions: 

The r e l a t ionsh ips  e x i s t i n g  between 

- AA2 

ii2 

2 
‘I/4 

N 

n = l  
cn2 s i n  

L n=l  

(2-81) 
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and 

- AA2 

A2 

cos (2-82) 2 en cos 

Expressions 2-81 and 2-82 emphasize the f a c t  t h a t ,  when a phase-modulat- 

i n g  screen  contains more than one s p a t i a l  frequency, r e l a t ionsh ips  

between any of its d i f f r a c t i o n  p a t t e r n s  are complicated functions of 
- 
FZ Functions involving Z and t h e  first Fresne l  zone are no t  adequ- 

ate f o r  descr ib ing  t h e  dependence of one p a t t e r n  on another. 

2.7.3 The Ionospheric Variation Required t o  Produce a Given Peak 
Phase Modulation a t  t h e  Screen 

Previous sec t ions  have discussed the r e l a t ionsh ip  between the 

peak phase modulation a t  the  screen, 

which develop behind the  screen. This sec t ion  develops the  v a r i a t i o n  

6, and the  d i f f r a c t i o n  pa t t e rns  

i n  e l ec t ron  dens i ty  required t o  produce a c e r t a i n  value of 

t he  screens are r e l a t i v e l y  t h i n ,  and the  s c a t t e r i n g  i s  weak, the  e f f e c t s  

$o . Since 

of mul t ip l e  rays  wi th in  t h e  screen are neglected. 
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The phase path length of a r ay  from t h e  satell i te source t o  the  

receiver is found by in t eg ra t ing  along t h e  ray path: 

pdz radians (2-83) 

I n  t h i s  inves t iga t ion ,  changes i n  the  phase pa th  length due t o  va r i a t ions  

i n  the  e l ec t ron  dens i ty  are of i n t e r e s t ,  

f i e l d  e f f e c t s  are neglected, t he  r e f r a c t i v e  index has the  following 

dependence on the  e l ec t ron  density:  

When c o l l i s i o n s  and magnetic 

l~ M (1 - 80.62 N(Z))  1'2 

f 2  

( 2 4 4 )  

where N ( Z )  = the  e l ec t ron  dens i ty  pe r  meter3 as a function of Z 

f = ' t h e  transmitted frequency i n  Hz 

When the  l i n e a r  term of t h e  binomial expansion of 2-84 is  used 

f o r  t h e  v a r i a t i o n  i n  1-1 and is inse r t ed  i n  2-83, an expression for  the  

v a r i a t i o n  i n  the  phase path length is obtained: 

AY' = - 80,621~X 

C2 

(2-85) 
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The dependence of N on Z gives i t  a v a r i a t i o n  over t h e  t o t a l  path 

through t h e  ionosFhere. Here the  va r i a t ions  of i n t e r e s t  are those which 

occur over a s m a l l  por t ion  of t he  ray  path. L e t  t h i s  small scale varia- 

t i o n  obey the  function: 

(2-86) 

wh 

0 , elsewhere 

re t- Lz is taken about t he  center  of t he  small s le  va r i a t ion .  

This is a smooth function with zero f i r s t  der iva t ives  a t  the  o r ig in  and 

k Lz e When 2-86 is  in tegra ted  over t h e  l i m i t s ,  the  t o t a l  e l ec t ron  

v a r i a t i o n  along the  ray path i s  found: 

Z 

N(Z) dz = 2Lz NM s 
-LZ 

If 2-87 i s  i n se r t ed  i n  2-85 using t h e  values: Lz = 1000 meters and 

1 = 15 meters, then: 

A P  = 8.4425 x NM 

(2-87) 

(2-88) 

The values of NM 

the  dens i ty  v a r i a t i o n  follows 2-86, are given i n  Table 2 together with 

the  maximum f i r s t  de r iva t ive  f o r  t he  density function. 

, which w i l l  produce c e r t a i n  changes i n  phase when 
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Table 2 Maximum Vaidation and Derivative in Electron Densities For 

Cosine-Squared Shape Blob, Lz = 1 km, X = 0,015 km 

dN /dz electrons/meter 4 
M N electrons/meter radians M 

.l . .118 x 10 10 .186 x 10 7 

. 2  

.4 

.6 

.237 x lolo 
10 e474 x 10 
10 -711 x 10 

.372 lo7 

1,116 x lo7 
7 .a .948 x lolo 1.488 x 10 

1.0 1.184 x 101' 1,860 x lo7 



-90- 

With the blob dimension used, a peak phase modulation of 1 radian 

is obtained when N 

of the ionospheric p r o f i l e .  I f  the  blob w a s  elongated i n  one d i r ec t ion  

such t h a t  Lz w a s  5 km with the  dimension normal t o  the  Z ax i s  being 

one kilometer,  then a value of N which represented a 1 t o  2 percent 

v a r i a t i o n  i n  the  nighttime peak of t he  

is about 5 o r  10 percent of the dens i ty  a t  t he  peak M 

M 
F region would give a phase 

modulation of 0.2 t o  1.0 rad ian  depending on the  angle a t  which the ray  

passes through t h e  blob. 

When the  phase d i f f r a c t i o n  p a t t e r n s  which represent phase d i f f e r -  

ences a t  a po in t  are displayed on the  oscil loscope, they contain large- 

scale phase v a r i a t i o n s  i n  addi t ion  t o  the var i a t ions  due t o  the  d i f -  

f r ac t ed  components. 

As the i n t e g r a l  2-85 changes, t he  t i m e  of occurrence of the zero 

crossings a t  t he  receiver w i l l  vary. The wave a t  the receiver has a 

dependence on t i m e  and distance: 

ER = E e  3 (2-89) 

A p o s i t i v e  going zero c ross ing  w i l l  occur i n  the real p a r t  of 2-89 when: 

(2-90) 

Examination of 2-85 and 2-89 shows t h a t  dt/dJY is  negative. An 

increase  i n  N causes the  zero c ross ing  t o  occur earlier. Thus, f o r  

the  phase d i f f e rence  d isp lay  described i n  Chapter 3, t h e  n e t  e f f e c t  f o r  
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an increase i n  N (dz) is t h a t  the record traces for  the two fre- 

quencies move apart. This occurs i n  the records when the ray paths move 

through large-scale anomalies 

In the diffract ion patterns an increase i n  the in tegra l  of N(Z) 

produces a negative change i n  the phase modulation of each of the two 

frequencies. This increase causes the pattern t o  move out or i n  on the 

display depending on the scale  s i z e  and distance from the screen to  the 

receiver. The individual components of the diffract ion patterns have 

coefficients which change sign as a function of distance from the screen. 



-92- 

E RECORDS CHAPTER 3 A SYSTEM FOR OBTA EOUS PHASE 

heore t f ca l  development of the  previous sec t ion  relates 

the  phase and amplitude d i f f r a c t i o n  pa t t e rns ,  which occur behind a phase- 

modulating screen, depend on the  t ransmi t ted  frequency, t h e  d is tance  from 

t h e  screen, and the  scale s i z e  of the  screen i r r e g u l a r i t i e s ,  To permit 

comparisons of t h e  pa t t e rns  t o  be made, using the  s c i n t i l l a t i o n s  on t h e  

received s i g n a l s  t ransmi t ted  from satellites, a system w a s  designed for 

receiving two frequencies.  

two ends of a one km base l ine  antenna system. 

was s p e c i f i c a l l y  designed t o  t r a c k  NASA satell i te S-66. 

Each of these frequencies is received a t  the  

The system t h a t  evolved 

3.1 The S a t e l l i t e  

A s c i e n t i f i c  sa te l l i te  b u i l t  by NASA, Space Object No. 1964-64A3 

known as S-66, w a s  launched on October 9,  1964 from Vandenberg A i r  Force 

Base. Its o r b i t  had t h e  following c h a r a c t e r i s t i c s :  

Semi-Maj or Axis 

Eccen t r i c i ty  

Inc l ina t ion  

Period 

7358.8 n.mi. 

0.013 

79.69 degrees 

104,7 minutes 

The satel l i te  t ransmi ts  CW on t h e  frequencies of 360, 41, 40, and 

20 MHz among o the r s ,  

r e l a t e d  frequencies of 20 and 40 Mwz. 

The measurements made u t i l i z e d  t h e  harmonically 
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The relative pos i t ion  of t h e  satellite t o  the  tracking s t a t i o n s  

as a function of l o c a l  t i m e  is  given i n  Table 3 f o r  two of t he  passes 

used t o  obta in  s c i n t i l l a t i n g  records. 

(10 seconds o r  less) were se l ec t ed  f o r  ana lys i s .  

Short segments of these  records 

3 .2  The Baseline Antenna System 

The i n c l i n a t i o n  of t h e  satell i te of i n t e r e s t  w a s  79.69 degrees, 

which w a s  taken i n t o  account i n  s e l e c t i n g  t h e  d i r ec t ion  i n  which t h e  

base l ine  antenna system w a s  extended. The base l ine  is  one km i n  length 

and has  a bearing east of nor th  t h a t  w i l l  allow the  sub - sa t e l l i t e  t r ack  

of some south t o  nor th  passes of S-66 t o  be p a r a l l e l  t o  the  baseline.  

Two antennas, one f o r  20 MHz and one f o r  40 MHz, are posit ioned a t  each 

end of t h e  base l ine .  They are crossed, folded dipoles and are attached 

to poles t o  provide spacing from the  ground plane of a l i t t l e  less than 

XI3 e 

The folded d ipoles  have an impedance of about 300 ohms. To 

a s su re  t h a t  the  maximum s i g n a l  i s  del ivered  t o  t h e  connecting cables,  

t h e  d ipoles  are phased and matched as shown i n  Figure 27. The crossed 

half-wave d ipoles  wi th  a length  which is  0.95 of the f r e e  space ha l f  

wavelength are phased together with 300-ohm lead, The connecting balun 

is  made of RG-59, and the  matching sec t ion  used t o  couple i n t o  t h e  RG- l l  

l i n e s  is a s e c t i o n  of RG-8. 

The antennas a t  t h e  ends of t h e b a s e l i n e  are located a t  d i f f e r e n t  

d i s tances  from t h e  s t a t i o n  housing t h e  receivers, wi th  one loca t ion  600 

f e e t  southeas t  of t h i s  s t a t i o n .  A loss  of less than 10 db occurs 
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Table 3 Relative Pos i t i on  of S a t e l l i t e  to Tracking S t a t i o n  

(a) Film Run S-66-41 March 6 ,  1965 

S l a n t  Range Azimuth Zenith Angle La t i tude  
Local Time (km) (Degrees) (Degrees) (Degrees ) 

, 23 10 40 

23 10 50 

23 11 00 

23 11 10 

23 11 20 

23 11 30 

23 11 40 

23 11 50 

23 12  00 

23 12  10 

23 12 20 , 

1605.9 

1550 e 5 

1496.2 

1443.1 

1391.3 

1341.0 

1292.4 

1245.7 

i201.1 

1158.8 

1119.1 

-15 (I 337 

-15,592 

-15 e 880 

-16,207 

-16.580 

-17,009 

-17.507 

-18,089 

-18.774 

-19 + 641 

-20.612 

61.075 

59 * 333 

57.445 

55.521 

53.433 

51.210 

48.841 

46,316 

43.624 

40.768 

37.712 

(b) Film Run S-66-43 March 10,  1965 

21 32 00 1268 e 1 63.146 47 323 

21  32 10 1262.6 67 e 648 46.991 

2 1  32 20 1260 7 72.211 46 e 855 

2 1  32 30 1262.5 76 779 46.920 

21 32 40 1268.0 81.297 47.183 

21  32 50 1277 .O 85 713 47 634 

51.3 

50.7 

50.2 

49.6 

49.0 

48.5 

47.9 

47.3 

76.8 

76.2 

45.6 

43.6 

43.0 

42,5 

41.9 

41.3 

40.8 

Longitude 
Qearees) 

82.5 

82.3 

82.1 

81,9 

81.7 

81.5 

81.3 

81.1 

80.9 

80.8 

80.6 

68.8 

68,6 

68.5 

68.3 

68.2 

68.1 
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4 

CABLE Z O  v f x/2 
I 3 

RG8 53 $2 .85 20mc 21 ft .  loft. 6in. 
RGI 6 7551 .66 20mc 16f6. Sin. 
R G 5 9  730 .66 20mc 16 ft. Sin. 
30042 TWIN 300Q .84 20mc 20ft. 8ifl. toft. 4th. 

300B LEAD 

LINE R G I l  R G 8  x/4 

75 42 

Figure 27. Antenna Phasing, Decoupling, and Matching 
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f o r  the path from these  antennas t o  the  s t a t i o n ,  and i s  o f f s e t  by use 

of signal s t age  pre-amps. 

north of t he  form s t a t i o n ,  

40 db, mul t ip le  s t age  pre-amps are i n s t a l l e d  near t he  antennas. 

pre-amps a r e  line-powered from the  receiving s t a t i o n .  

The o the r  antennas are located 3,200 f e e t  

To compensate f o r  t he  l i n e  l o s s  of about 

These 

3 . 3  Equipment f o r  Obtaining a Simultaneous Display of Phase and 
Amplitude S c i n t i l l a t i o n  

The equipment described he re  provides f o r  the  simultaneous d is -  

play of the  phase and amplitude s c i n t i l l a t i o n s  as received a t  one 

loca t ion  o r  a t  each of t h e  two loca t ions  a t  e i t h e r  end of t h e  1 km base- 

l i n e ,  Two amplitude s c i n t i l l a t i o n s  and one relative phase s c i n t i l l a t i o n ,  

as w e l l  as t i m e  hacks atone-second i n t e r v a l s  can be recorded on f i lm  

and/or displayed on the  oscil loscope. 

The r ece ive r s ,  convertere, and t racking  f i l t e r s  used t o  t r a n s f e r  

t he  H.F. s i g n a l s  t o  audio frequencies are described elsewhere[l4l L) and 

thus only a broad o u t l i n e  of t he  block form of the  rece iv ing  system 

(shown i n  Figure 28) i s  given here. The receiving system is a t racking  

heterodyne system i n  which the  incoming H.F, s igna l s  bea t  with a l o c a l l y  

generated s i g n a l  t o  produce a d i f fe rence  frequency i n  the  audio region. 

The l o c a l  o s c i l l a t o r  t racks  the  incoming s i g n a l  as it  v a r i e s  with doppler 

s h i f t ,  and maintains t h e  d i f f e rence  frequency a t  e i t h e r  250 or 500 Hz 

depending on whether the  20 o r  40 MHz transmissions are received, 

converter i n  the  receiving system i s  a Tapetone Model TC-60 which has 

been realigned t o  handle 20 o r  40 MHz. 

The 

It has two cascade s tages  and a 

conversion s tage  and provides a gain of about 35 db, The rece iver  is a 
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modified Spec i f i c  Products Model SR-7, which is doubly converting and 

has s e n s i t i v i t y  of b e t t e r  than 2 microvolts. 

takes t h e  audio output which is l imi ted  and s p l i t  i n t o  two components 

with a relative phase of 90 degrees a t  the des i red  audio output f re -  

quency. These phase-shif ted components d r ive  a balanced modulator, A t  

frequencies above or  below 500 Hz, t he  output has a zero  frequency com- 

ponent with magnitude proportionate t o  the  devia t ion  and p o l a r i t y ,  de- 

pending on the  d i r e c t i o n  of t he  deviation. 

voltage-controlled o s c i l l a t o r  with a nominal frequency of 1MHz. 

output i s  used by a frequency m u l t i p l i e r  which furn ishes  t h e  co r rec t  

b e a t  frequency t o  the  converter s tage .  

t racking  loop is closed t o  provide t h e  des i red  outputs of 250 o r  500 Wz. 

Through the  outputs of the  frequency mul t ip l i e r ,  one t racking  loop is  

ab le  t o  supply four  receivers (two frequencies are tracked at  each end 

of t h e  base l ine)  with t h e  co r rec t  heterodyne frequencies. 

The d iscr imina tor  c i r c u i t  

This output is  applied t o  a 

Its 

I n  t h i s  fashion the frequency 

A block diagram of the  equipment used t o  process e i t h e r  t h e  live 

or  recorded s i g n a l s  is shown i n  Figure 29, and i s  intended t o  i l l u s t r a t e  

only t h e  func t ions  of t h e  u n i t s  and no t  a l l  connections, Only those 

chass i s  pecu l i a r  t o  the  system, not  previously descrived 

discussed i n  d e t a i l .  

are 1141, E151 

The equipment of i n t e r e s t  is assembled i n  one rack, which takes 

the output of t h e  receivers with frequencies of about 250 and 500 Hz 

and converts them t o  a f i l m  record f o r  use i n  ana lys i s  of s i g n a l  

s c i n t i l l a t i o n s  
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Figure 29. Block Diagram of Signal Processing System 
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The positive-going zero crossings of t h e  auaio frequencies are 

used t o  generate pulses ,  one of which is used t o  t r i g g e r  t h e  o s c i l l o -  

scope, The s i g n a l s  are a l s o  fed  t o  amplitude de tec tors  whose envelope 

is used t o  generate a pulse,  t he  pos i t i on  of which, with respec t  t o  t h e  

t r i g g e r  pulse,  i s  proportionate t o  the amplitude. A time mark pulse i s  

a l s o  generated. A l l  of these  pulses are added and used t o  in t ens i ty -  

modulate t h e  beam of t h e  scope. As s c i n t i l l a t i o n  i n  amplitude and in  

relative phase occurs, t he  do t s  on the  scope move back and f o r t h  with 

respec t  t o  the  t r i g g e r  mark. A continuously moving f i lm  records t h i s  

motion which can be  used f o r  ana lys i s .  

3.3.1 The Non-Linear Pre-Amplifier 

To assure  s t e e p  zero crossings over a wide range of inputs ,  a 

non-linear ampl i f ie r  (see Figure 30) is needed t o  amplify the  weak s ig-  

nals and l i m i t  t he  high por t ion  of t he  s igna l s .  This ampl i f ie r  has two 

channels which can be fed  from common or  s epa ra t e  inputs .  

c i r c u i t s  of t h e  first s t ages  have p a r a l l e l  resonant f i l t e r s  t h a t  are 

tuned t o  250 and 500 Hz. The output of t he  f i r s t  s t age  is fed i n t o  a 

network t h a t  i s o l a t e s  t he  d.c, and feeds t h e  a ,c .  s i g n a l  ac ross  two 

The g r id  

diodes of reversed po la r i ty ,  which y i e lds  a maximum output f o r  t he  s tage  

of about rt 1 v o l t ,  

s i g n a l s  are amplified and then l imi ted .  The following two s tages  give 

an adjus tab le  gain and an impedance match. 

Then small input s igna l s  are amplified while l a r g e r  
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3.3.2 The Phase Mark Generator and Trigger AmpPPflelc 

This one u n i t  contains three  pulse  generation channels and a t r i g -  

ger  s e l e c t o r  and ampl i f ie r ,  

250 and 500 Hz. 

be common. 

The channels are tuned f o r  frequencies of 

The inputs  can a l l  be separa te  o r  the 250 and 500 Hz can 

The input s t ages  are tuned t o  reject unwanted frequencies,  and 

the filters f o r  t h e  250 and 500 Rz 

resonant type, The output of t he  f i r s t  s t age  is  i so l a t ed  by use of 

transformers, and is  clipped by IN462A diodes. The r e s u l t i n g  rectangular 

wave is then d i f f e r e n t i a t e d  t o  produce pulses ,  and the  positive-going 

pulse  is removed by use of another diode, 

t h ree  channels then go t o  t h e  adder. 

channels are of t h e  series p a r a l l e l  

The outputs from each of t h e  

The 250 cps and 500 cps pulses are a l s o  connected t o  a switch 

where e i t h e r  can be se lec ted  f o r  amplification i n  t h e  t r i g g e r  c i r c u i t ,  

The t r i g g e r  c i r c u i t  has two s t ages  and ad jus tab le  gain, and t h e  output 

t r i g g e r  pulse is  used t o  t r i g g e r  t h e  oscil loscope, This u n i t  i s  shown 

i n  Figure 31. 

3 . 3 , 3  The Amplitude Units 

Except f o r  minor d i f f e rences  these two u n i t s  are a l i k e ;  they both 

have as an input  one of the  r ece ive r  oqt;puts of t h e  s i g n a l  recorded on a 

channel of the tape  recorder. 

whose t i m e  displacement from the  pulse  which t r i g g e r s  t h e  scope sweep is 

proportionate t o  the  amplitude of t he  input s igna l , .  These pulses  are 

generated by comparing two voltages.  

The waveform generated is  a negative pulse 
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F i r s t  the  input  s i g n a l  is amplified and detected i n  a manner t h a t  

gives, f o r  the  output of t he  f i r s t  s tage ,  a negative voltage proportion- 

ate t o  the  amplitude of the input  wave., 'Ehis negative vol tage  is fed t o  

a common summing poin t  by a 39K r e s i s t o r ;  t h e  o the r  voltage a t  the  summ- 

ing  po in t  is  a positive-going ramp generated by the  oscil loscope sweeper 

c i r c u i t s .  The scope sweep vol tage  is fed t o  Amp Unit 1, where is is 

divided, b iased ,  and passed through a cathode follower. The vol tage  

waveform out of t he  follower is  used by Unit 1 and is  a l s o  connected to  

Unit 2 and the  Time Mark Generator. In each case, the  positive-going 

wave is  fed t o  a summing po in t  through a r e s i s t o r .  

The summing po in t  i s  connected t o  ground by two diodes, i n  par- 

a l l e l  b u t  with reversed po la r i ty .  A t  t he  start  of the sweep, t h e  vo l t -  

age a t  the po in t  is negative and small due t o  switching ac t ion  of t he  

diodes. 

de tec ted  voltage,  the  vol tage  across the  diodes i s  pos i t i ve  and small. 

Howevero during the  t r a n s i t i o n  t i m e  when t h e  sweep voltage is wi th in  

k 1 V  of t h e  magnitude of the  de tec ted  voltage,  a positive-going ramp i s  

generated. 

When the  sweep voltage is l a r g e r  than the  magnitude of t he  

The positive-going ramp is  then amplified by the  following two 

s t a g e s ,  t h e  last of which has a transformer-coupled output. The wave- 

form is b i a s e s  so t h a t  the s t e e p e s t  negative s lope  passes through zero; 

then the  wave is clipped and d i f f e r e n t i a t e d  t o  produce pulses .  

p o s i t i v e  pulses are removed and t h e  output i s  obtained from a cathode 

follower. 

than t h a t  produced by the  scope sweep. 

The 

The ampl i f ica t ion  s t ages  are used t o  produce a s t eepe r  s lope  
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The d i f fe rences  between t h e  two amplitude u n i t s  are i n  the  sweep 

c i r c u i t s  and the  provisions f o r  t i m e  marks., Unit 1 contains t h e  c i r c u i t  

€or modifying t h e  sweep wave form, and Unit 2 is  connected t o  t h e  timer 

switch. 

t o r  i n  p a r a l l e l  with the 47K r e s i s t o r  t h a t  feeds the  sweep wave t o  t h e  

summing poin t .  This causes an abrupt displacement of t h e  amp pulse and 

serves as a t i m e  mark, as w e l l  as f o r  i den t i fy ing  the  output 05 Unit 2. 

See Figure 32. 

The t i m e r  switches i n ,  f o r  a f r a c t i o n  of a second, a 1OK resis- 

3 , 3 . 4  The T i m e  Mark Generator 

The same pr inc ip l e  is used f o r  pulse-generating i n  t h i s  u n i t  as 

i s  used €or t h e  amplitude u n i t s ,  t he  d i f fe rence  being that the  negative 

vol tage  i s  supplied by the  dry b a t t e r y  pack. A voltage d iv ide r  c i r c u i t  

is  used t o  pos i t i on  the  t i m e  mark a t  the r i g h t  edge of the scope trace. 

Since t h e  t i m e  mark appears only during t h a t  f r a c t i o n  of a second 

when the  synchron cam is  n o t  suppressing the  switch, and a t  the  end of 

t h e  trace, adequate pulse sharpening is obtained through use of one 

ampl i f ica t ion  s tage .  

removed by t h e  series lN629 diodes. A s m a l l  capacitor i s  placed ac ross  

tlie output t o  f i l ter  out the  high frequency components which arise from 

the  switching ac t ion ,  

The bases of t h e  negative-going pulses are 

The 30 RPM synchron cam provides t i m e  marks spaced by 2 seconds; 

on a l t e r n a t e  seconds i t  a l s o  gives i n t e r r u p t s  of t h e  output of t h e  Amp 

2 Unit. Thus, t i m e  marks are provided a t  one-second i n t e r v a l s .  

(See Figure 33.) 
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o p e ~ a t i o n a l  type amplifier  wit^ multiple inputs 

e i n ~ u ~  and output impedances are selected t o  

e mark impedance is adjusted to  give a 

darken trace for easy i d e n t i ~ i c a t i o n ~  

coupled with the second stage having a grid b ias  which can be used t o  

n u l l  t he  o u t p u ~  

The first cwo stages are cathode- 

en no input is present, 

Once the inpug impedances are balanced, the same input jacks are 

used f o r  the  same signals  since the  relative magnitude of the  pulses 

from the  phase and -amplitude un i t s  d i f f e r s  only s l igh t ly .  

voltage is then a function of the input voltages: 

The output 

.h 

i=l 

The other c i r c u i t s  in the Adder uni t  are: a l i m i t e r ,  two stages 

Qf gain, and a cathode follower whose output is a series of negative 

pulses. As the  phase and amplitude of the received signals vary, the 

pulses w i l l  show displacement i n  t i m e  with respect t o  the t r igger  pulse. 

In some i n s t ~ n c e s ~  The 

l imi t e r  is adjusted t o  simply dip off the top of a s ingle  pulse; then 

superimposed pulses do not give an output of greater intensi ty .  Since 

o and even three pulses could be superimposed. 

- severa l  vo l t s  are required t o  properly modulate the in tens i ty  of the  

oscil loscope beam, two stages of gain follow the l i m i t e r .  A pot provides 

t level.  The summed, limited, and amplified 
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negative pulses are then fed out through a cathode follower to  the  CRT 

cathode of the  oscil loscope. (See Figures 34 and 3 5 . )  

3 e 3 e 6 The Oscilloscope 

A Tektronix Model 532 is used, and is  set t o  sweep 250 times per 

second, using an ex te rna l  t r i g g e r  from the  Phase Mark Generator. The 

ground disconnected from the  CRT cathode a t  the  back of the  scope and 

the output of the  Adder is then fed i n t o  t h i s  point.  

out t o  Amp Unit l w h e r e  i t  is reduced and used i n  the  generation of 

pulses  from Amp 1 and 2 as w e l l  as t h e  t i m e  units. The sweep is a l s o  

fed t o  exrerna l  sweep where i t  i s  a l t e rna ted  t o  produce a narrower 

sweep on t h e  screen (one t h a t  can be f u l l y  photographed). 

The sweep is fed 

It is poss ib l e  f o r  a f u l l  sweep of t he  scope t o  show f i v e  dots 

on the  screen. 

t r i g g e r  pulse. 

do ts  are present ,  spaced apar t  by one-half sweep, and showing the rela- 

tive pos i t i on  of the 500 Hz zero crossings.  

represent ing  the  amplitude of t he  250 Hz and the  500 Hz s igna l s .  On 

a l t e r n a t e  seconds, spaced two seconds a p a r t ,  a t i m e  mark w i l l  appear at 

the  r i g h t  edge of the sweep. 

do t s  show lateral  displacement with t i m e  when t h e  satel l i te  s i g n a l  

s c i n t i l l a t e s  i n  phase and amplitude. 

A t  t h e  l e f t  edge is  a dot coincident with the  250 Hz 

(Other modes of operation can be used.) Two o ther  

A l s o  present is a dot 

A l l  do t s  except t h e  t r i g g e r  and t i m e  marks 



k 
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3,3,7 The Camera 

A Cossor 35 mm camera is  used t o  photographically record t h e  time- 

isplay on t h e  osc i l loscope  screen, 

resuPes i n  as many as f i v e  l i n e s  i f  t h e  t r i g g e r  on the  l e f t  

The in t eg ra t ion  e f f e c t  of 

edge of the SCO face is included. The camera motor is set t o  d r i v e  

t h e  f i l m  at a sate of one inch per  secondg which provides f i l m  records 

with scales convenient eo pro jec t  f o r  processing. 

The pro jec t ion  of one second of f i l m  run is shown i n  Figure 36 

For t h i s  case, the  amplitude is f o r  t he  20 MHz s igna l .  

relative phase between the  20 and 40 MHz s i g n a l s  received a t  the  same 

The phase is the  

poin t ,  and t h e  f u l l  scale mark is 2.rr radians i n  phase, Only one rela- 

tive phase t r a c k  is shown here ,  F u l l  scale y i e l d s  two traces f o r  t h e  

40 MHz (250 cps j  s igna l .  

3.4 The Simultaneous Records Obtained 

The base l ine  antenna system described i n  the  previous sec t ion  i s  

used t o  rece ive  satell i te s igna l s  which are recorded and then processed 

t o  prodkce simultaneous phase and amplitude pa t te rns .  The 20 MHz and 40 

MHz s i g n a l s  from both ends of t h e  base l ine  are converted t o  audio of 250 

Hz and 500 Hz, respec t ive ly ,  before  being recorded on four channels of 

an Ampex recorder. 

t h e  base l ine  can be used t o  generate three  pa t t e rns .  

s i g n a l s  are fed t o  t h e  amplitude u n i t s  described i n  Section 3.3.3, simul- 

taneous amplitude d i f f r a c t i o n  p a t t e r n s  are produced i n  f i lm  records.  If 

the  same s i g n a l s  are fed  i n t o  the  phase mark generator u n i t  described i n  

The two records from s i g n a l s  received a t  one end of 

When the  two audio 



-113- 

c 

ci w 
Y 

!- 

2 
0 

W c 
([t 

a, 
W 
3 
U 

5 
ffi 
E 
rl 

2 
0 



-114- 

Section 3.3.2, a phase d i f f r a c t i o n  pa t t e rn  is produced from t h e i r  rela- 

t ive phase, 

recorded on t h e  same f i lm  f o r  cornparision and ana lys i s ,  

These three  simultaneous d i f f r a c t i o n  pa t t e rns  can be 

When the  t o t a l  of four  signals received a t  both ends of t h e  base- 

l i n e  are taken together,  several d i f f r a c t i o n  pa t t e rns  can be produced: 

two amplitude p a t t e r n s  and one relative phase d i f fe rence  p a t t e r n  across 

the  base l ine .  

t e rn .  One of t h e  250 Hz s i g n a l s  from t h e  recorder was f i r s t  doubled so 

t h a t  t h e  same equipment could be used f o r  generating phase marks. 

satell i te pass then produces seven p a t t e r n s  f o r  comparison and ana lys i s .  

The 20 MHz s i g n a l  w a s  used f o r  t h i s  interferometer pat- 

Ode 
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CHAP!CER 4 METHODS OF DATA ANALYSIS 

The ana lys i s  of the  phase and amplitude records de t a i l ed  here in  

permits comparison of the recorded phase and amplitude d i f f r a c t i o n  pat- 

t e r n s  with those ca lcu la ted  using the t h e o r e t i c a l  phase-modulating 

screens. The modifications produced by geometry and method of measure- 

ment, discussed in  Section 2.7, have been considered. The various d i f -  

f r a c t i o n  pa t t e rns  obtained using t h e  equipment described In Chapter 3 

w e r e  sampled a t  uniform i n t e r v a l s ,  and the  r e s u l t i n g  d a t a  po in t s  were 

used as input  a r r ays  t o  two d i f f e r e n t  Fourier ana lys i s  computer programs. 

The closeness with which these  programs represented the  harmonic content 

of t he  input func t ions  w a s  determined by use of a number of sample in- 

pu t  a r rays  for which the  Fourier s p e c t r a  were known. 

When t h e  s p e c t r a  f o r  the  phase and amplitude pa t t e rns  measured 

at  the  Ear th ' s  su r f ace  were determined, they w e r e  projected back t o  the  

he ight  of the  screen  where they originated.  This w a s  based on the  

assumption t h a t  the phase and amplitude pa t t e rns  had t h e  same origin.  

The d i f fe rences  of t h e  Fourier spec t r a  of the  pa t tens  projected back 

t o  an incremented screen he ight  w e r e  then minimized i n  a lease-squares 

manner 

4 1 Fourier Analysis of Records 

A l l  t h e  t h e o r e t i c a l  phase-modulating screens developed i n  

Chapter 2 could be represented, with s m a l l  e r r o r ,  by a f i n i t e  number 

of Fourier components. To compare the  t h e o r e t i c a l  d i f f r a c t i o n  pa t t e rns  

these  screens  produce wi th  t h e  d i f f r a c t i o n  pa t t e rns  recorded during 

sa te l l i t e  passes,  two computer programs were wr i t t en  and used t o  process 
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t h e  da ta .  One program computes t h e  autocovariance function of a d a t a  

sample and takes i t s  cosine transform t o  obta in  the  power s p e c t r a l  den- 

s i t y .  

ment of t he  d a t a  sample assuming t h a t  t h e  sample represents  one period 

The o the r  program ca lcu la t e s  the  Fourier coe f f i c i en t s  f o r  a seg- 

of a r e p e t i t i v e  function. In  each case, the  d,c. value is ext rac ted  

f i r s t ,  b u t  the  a.c. and d.c. powers and t h e i r  r a t i o s  are obtaindd as 

p a r t  of t he  program output. 

The use of two d i f f e r e n t  programs w a s  d i c t a t e d  by t h e  concept 

t h a t  t h e  real d i f f r a c t i o n  p a t t e r n s  t o  be  processed were n e i t h e r  deter-  

m i n i s t i c  or  random9 b u t  contained a measure of each. It is known t h a t  

any i n t e r v a l  of any function can b e  reyresented by a Fourier series 

expanded i n  terms which are harmonic wi th in  i ts  length.  When the  func- 

t i o n  i s  orderly,  t h i s  series may ind ica t e  t h e  presence of r e l a t i v e l y  

s t rong  quasi-periodic terms although t h e  p rec i se  d i s t r i b u t i o n s  of 

c o e f f i c i e n t s  i s  sensitive t o  t h e  p a r t i c u l a r  end po in t s  and how they 

relate t o  these  p e r i o d i c i t i e s .  I n  t h e  more general  case of a random 

function, the  Fourier series coe f f i c i en t s  are no t  a good ind ica t ion  of 

the  d i s t r i b u t i o n  of s p e c t r a l  power and an approach based on the  auto- 

covariance func t ion  may be used. 

A s  ind ica ted ,  t he  use of two programs enables consideration of 

both pe r iod ic  and random t i m e  functions.  The b a s i c  t o o l  f o r  ana lys i s  

of func t ions ,  which are p r i n c i p a l l y  per iodic ,  is  t h e  Fourier series 

program. The t o o l  f o r  ana lys i s  of t he  random functions is t h e  auto- 

covariance and s p e c t r a l  dens i ty  program. 

used t o  develop the  simulation program i s  widely known and is  discussed 

The Fourier ana lys i s  theory 

only b r i e f l y .  
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4.1.1. Harmonic Analysis Using Fourier Series 

I f  f ( t )  is an a r b i t r a r y  real  function i n  t h e  i n t e r v a l  

t1 t t2 it  may invar iab ly  be represented by a Fourier series? 

m 

,a 

2 
cos n w t 9 b s i n  n w t )  (an 0 n 0 f ( t )  = - 0 9 

n=l  

where t2 - ta = T and ooT = 2n 

The Fourier Coeff ic ien ts ,  a and b of 4-1 are defined by: n n 

a = 2  - f ( t )  cos n w Q t  d t  n = 0, 1, 2 
T n 

and 

T 
= 2  f ( t )  s i n  n w o t  d t  n = 0 ,  1, 2 - 

bn T 

(4-1) 

(4-2) 

(4-3) 

Q 
The Fourier series program gave as an output a normalized va lue  f o r  

t+, where : 
1 I n  

The a r r a y  f o r  t he  values c w a s  divided throllgh by i ts  l a r g e s t  member t b  n 

obta in  t h e  normalized a r r ay  of Fourier c o e f f i c i e n t s ,  

Using this program, t h e  input which is a sampling of a diffractim 

pa t t e rn ,  is t r e a t e d  as one period of a per iodic  function. 

then maps the  s i g n i f i c a n t  terms from the  t i m e  domain i n t o  the  frequency 

The program 
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domain. Care must be taken i n  s e l e c t i o n  of a sampling procedure so 

t h a t  t he  program output w i l l  r epresent  t h e  spectrum of t h e  func t ion  

being sampled. 

Among t h e  e r r o r s  t h a t  must be  considered are round-off, trunca- 

t i on ,  and a l i a s i n g  e r r o r s .  

i n g  using th ree  s i g n i f i c a n t  f igures ;  the truncatSon e r r o r s  were mini- 

mized by sampling long enough t o  represent f u l l  periods of the  lowest 

frequencies present  e 

components of a t i m e  function impersonate low frequencies,  which r e s u l t s  

when t h e  sampling rate is too  low. 

c e r t a i n  t h a t  t h e  sampling rate w a s  high enough f o r  t he  h ighes t  s i g n i f i -  

cant frequency t o  be sampled at least twice during each cycle. Because 

of t hese  considerations,  most of t h e  computer runs were made using in- 

pu t  a r r ays  which covered sec t ions  of f i v e  t o  t en  seconds of d i f f r a c t i o n  

The round-off e r r o r s  were minimized by sampf- 

The a l i a s i n g  e r r o r s  occur when t h e  high frequency 

This e r r o r  w a s  removed by making 

p a t t e r n s  which were sampled a t  t h e  rate of 20 per 

The 

c gave as 

d.c. power 

n 

Fourier c o e f f i c i e n t  program writ ten t o  

a d d i t i o n a l  outputs t he  mean, variance 

f o r  t h e  inpu t  a r rays .  The program w a s  

second. 

obtain a n' bns and 

and r a t i o  of a.c. t o  

checked using a number 

of i npu t  a r rays  obtained by sampling a n a l y t i c  functions. The output 

Fourier spectrum ca lcu la ted  by t h e  computer program w a s  then compared 

with the  spectrum known t o  represent  t he  a n a l y t i c  function, 

of t h i s  Fourier amplitude c o e f f i c i e n t  program w a s  found t o  give a very 

good representa t ion  of the expected spectrum; t h i s  w a s  - t rue  even f o r  

harmonic components which had very l i t t l e  amplitude. 

"he output 
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4.1.2 e Harmonic Analysis Using Power Spectral. Density 

Assume t h a t  f( t)  is the per iodic  function represented by 4-1. 

Then t h e  power spectrum may be obtained from the  Fourier cosine trans- 

form of the autocovariance function. The autocovariance function oper- 

ates on f ( t )  - 1.1 where 1-1 is  the  mean value of f ( t )  over t h e  i n t e r -  

v a l  T . If t h e  t i m e  average of the  per iodic  function f ( t )  over a 

period is  zero, then the  autocovariance, $f is defined as: 

f ( t )  f ( t  - T)dt 

t2 are the l i m i t s  of the sample being l 9  
where 0 5 T - < T and t 

analyzed. 
- 

If a function, y ( t )  , has  a t i m e  average y ( t )  , then the  sub- 
- .  

s t i t u t i o n  f ( t )  - y ( t )  - y ( t )  i s  made i n  4-6 and the  autocovariance 

of t h e  func t ion  y ( t )  becomes: 

I 

For e i t h e r  case, t h e  power spectral. dens i ty ,  4 , is given by the  

Fourier cosine transform of $(T) : 
T 

where a f i n i t e  por t ion  of the record i s  analyzed by applying a un i ty  

amplitude d a t a  window of length,  t , 
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Here t h e  term power spectral dens i ty  is  used i n  con t r a s t  t o  the  power 

spectrum of Section 4 , l . l .  The power spectrum is associated with t h e  

Fourier sek ies  method, and has a d i s c r e t e  o r  l i ne  spectrum corresponding 

t o  the  va lues  of n e The power s p e c t r a l  dens i ty  given by 4-13 is a l s o  

3 l i n e  spectrum, 

function being analyzed is  per iodic  i n  the  sample i n t e r v a l  wi th  zero mean. 

However these spec t r a  are equivalent only when t h e  

I f  samples are taken over the  t i m e  i n t e rva l ,  T and the  corre- 

l a t i o n  s h i f t  is f o r  T = T the  required t o t a l  d a t a  sample is  2T. This 

means t h a t  t h e  lowest frequency which can be represented i n  t h e  output is  

1/2 T . 
c ip roca l  of twice the  sampling i n t e r v a l .  

handled and t w i c e  as many frequencies are ava i l ab le  than for t h e  Fourier 

series methods of 4.1.1. 

The h ighes t  frequency which can be represented is  s t i l l  the  re- 

Thus, twice as much d a t a  is 

A c o r r e l a t i o n  and power s p e c t r a l  dens i ty  program w a s  wr i t t en  t o  

!?%is program a l s o  can be used process t h e  d i f f r a c t i o n  p a t t e r n  records,  

t o  obta in  c ross -cor re la t ion  functions and cross-power-density spectra.  

The co r re l a t ion  functions ca lcu la ted  by t h i s  program are the  normalized 

autocovariance and cross-covariance functions.  When the  power s p e c t r a l  

d e n s i t i e s  are developed, they are normalized s ince  the  relative power 

d i s t r i b u t i o n  is considered t o  be most important f o r  d i f f r a c t i o n  pa t t e rn  

ana lys i s .  

ca lcu la ted  f o r  each input  a r ray ,  

As mentioned previously, t h e  f a c t  t h a t  t he  inp-ut sample is taken 

The mean value,  variance,  and r a t i o  of ac t o  dc power are a l s o  

over a f i n i t e  t i m e  causes the  input  t o  be multipl5ed by a un i ty  da ta  

window of length T The corresponding convolution i n  the  frequency 
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domain r e s u l t s  i n  t h e  spectrum being b lur red  by 

The "leakage" of t h e  power of a given frequency through the  s ide  lobes 

Sin x/x-shaped pulses. 

of t h e  shaping function can be reduced by applying a d a t a  window t o  the  

t i m e  series which has  lower sidelobes i n  the  frequency domain than the  

rectangular d a t a  window. The s p e c t r a l  dens i ty  program uses a hamming 

1171 l a g  window t o  suppress spurious frequency components. 

4.1.3. Comparison of Records 

The amplitude p a t t e r n s  generated by the  simultaneous f i l m  

d i sp lay  are sampled f o r  obtaining a computer program input a r r ay  by pro- 

j e c t i n g  them on a reader.  The phase records,  $(20-40) $ show a very 

slow pe r iod ic  behavior as the  in t eg ra t ed  e l ec t ron  content from satel l i te  

t o  the  receiver varies. 

inputs  are acceptable,  which is accomplished by f i t t i n g  a constant s lope  

through the  t o t a l  sample t o  be used. The first and last  values are 

made t o  correspond by sub t r ac t ing  t h e i r  d i f fe rence .  

i s  then subt rac ted  from each intermediate value. Amplitude and phase 

records similar t o  those sampled f o r  the  computer programs are shown 

i n  Figures 37 and 38. 

This ramp must be removed before t h e  computer 

A scaled amount 

Since an a t t e m p t  i s  made t o  treat the  records as per iodic  

functions,  t he  las t  sample taken from the  d i f f r a c t i o n  record usua l ly  

is one with a magnitude approximately equal t o  t h a t  of t h e  f i r s t  sample. 

The sampling i n t e r v a l  s e l ec t ed  then is one which eliminates a s t e p  

func t ion  between the  f i r s t  and last  samples. I f  t h e  t i m e  function 

se l ec t ed  w e r e  discontinuous between these  two poin ts ,  a truncation 



-122- 

k 
0 

4-1 



-123- 

$4 
0 
w 



-124- 

e r ro r  would r e su l t  t ha t  could not be eliminated by increasing the 

number of samples taken. 

become more pronounced as the sampling rate is increase. 

t o  t h i s  magnitude match, a rough attempt is  made to match the slopes at  

the f i r s t  and l a s t  sample points. 

I n  f ac t ,  t h i s  Gibb's phenomenon e r ro r  w i l l  

In additioii 

"he relationships shown t o  e x i s t  between the theoret ical  phase 

and amplitude d i f f rac t ion  pat terns  of Chapter 2 are observed i n  the 

measured patterns. F i r s t ,  the large phase excursions always occur i n  

conjunction with amplitude nul l s ;  i n  some cases the phase excursions 

are i n  the  $(20-40) pattern; i n  other cases they are i n  the 

patterns.  Second, the nu l l s  i n  the amplitude pat terns  are sharper than 

the peaks; f o r  phase, which is  not an absolute value function, notches 

i n  e i t h e r  direct ion have equal sharpness. 

when a transmitted wave 5s disturbed by phase modulation i n  a purely 

random fashion, rapid excursions f o r  an increase or decrease of ampli- 

tude are equally l ikely.  

comparison is tha t  the $(20-40) d i f f rac t ion  pat tern contains s p a t i a l  

$(20-20) 

It is  worth noting here tha t ,  

The th i rd  s ign i f icant  charac te r i s t ic  fo r  

frequencies lower than those of the amplitude patterns,  while the 

$(20-20) pat tern contains r e l a t ive ly  more high frequency terms than the 

amplitude pat tern.  The differences can be accounted for .  The low 

frequency terms of the  $(20-40) pattern do not have enough distance,  

2 , f o r  developing i n  the amplitude pattern. The 1j~(20-20) baseline 

interferometer filters out the l o w  frequency terms because of its 

length 
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The normalized autocovariance functions calculated f o r  the 

simultaneous pa t t e rns  shown i n  Figure 37 are presented i n  Figures 39 

and 40, and w e r e  calculated using the  Power Spec t r a l  Density program. 

The low frequency terms i n  $(20-40) 

the  autocovariance function. 

shown as ca lcu la ted  f o r  two runs having a s l i g h t l y  d i f f e r e n t  t i m e  i n t e r -  

val. 

e r a t i n g  f i l m  records,  p ro jec t ing ,  and sampling f o r  t he  computer program. 

The normalized autocovariance function f o r  t he  interferometer phase, 

$(20-20) 

This co r re l a t ion  func t ion  is ind ica t ive  of a random process. The o ther  

autocovariance function on Figures 39 and 40 is  t y p i c a l  of a more deter-  

m i n i s t i c  function. 

spectrums which r e s u l t  from t h e  cosine transforms of the  functions of 

Figures 39 and 40. Again, the r e p e a t a b i l i t y  i n  the  amplitude spectrum 

is observed, Most of the energy i s  i n  the  low frequency terms f o r  

$(20-40) 

of only one t e n t h  of t h a t  f o r  q(20-40) . 

are shown by t h e  slow fa l l -o f f  of 

The amplitude co r re l a t ion  function is 

These p l o t s  demonstrate the  r e p e a t a b i l i t y  of t he  process of gen- 

shows the  high frequency terms and the  rapid drop-off near d.c. 

Figures 41 and 42 show the  normalized power density 

qI(2O-20) has a more random spectrum with an average power 

Figures 43 and 44 show t h e  normalized amplitude spectrums which 

r e s u l t  when t h e  same d i f f r a c t i o n  records are processed using t h e  Fourier 

c o e f f i c i a n t  program. 

reveals t h a t  t he  Fourier c o e f f i c i e n t  program is more s e n s i t i v e  f o r  locat-  

ing  regions of t he  spectrum where no energy e x i s t s ,  and t h e  rap id  drop- 

of f  f o r  narrow spec t r a .  

e x i s t s  when t h e  base l ine  f i l t e r  f o r  QI(20-2O) eliminates t h e  low 

A comparison of Figures 41 and 42 with 43 and 44 

It is apparent t h a t  a more random spectrum 
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(a)  AMP (201, 64-69 

Figure 39. Normalized Autocovariance Functions for Run M IV 64-69 
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(a) AMP (201, 64.4 - 69.4 

Figure 4 0 .  Normali Autocovariance Functions for Run M IV 6 4 . 4 - 6 9 . 4  
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Figure 41. Normalized Power Density Spectra for Run M IV 64-69 
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Normalized Amplitude Spectra for Run M IV 64-69 
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Figure 4 4 .  Normalized Amplitude Spectra for Run M IV 6 4 . 4  - 6 9 . 4  
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s p a t i a l  frequency components, However, t h e  amplitude spectrum and t h e  

Jl(20-40) 

frequencies, which ind ica t e s  t h a t  t he  t o t a l  spectrum contains a few Pow 

spectrum show t h a t  s i g n i f i c a n t  energy exists a t  only a few 

frequency terms having s i g n i f i c a n t  energy, p lus  a randomized wide-band 

spectrum which has a lower amplitude. The program behavior i s  such that, 

i f  energy e x i s t s  between the frequencies Kfo and (K+l)fo the energy 

w i l l  be divided between those two frequencies,  No l o s s  occurs when Kfo 

does n o t  l i e  d i r e c t l y  on the  p a r t i c u l a r  l i n e  of t he  spectrum. I f  t he  

sampling duration is such t h a t  i f  periods are n o t  complete a t  some f re -  

quencies, t he re  w i l l  be an e x t r a  measure of energy a t  the  lowest f re -  

querlcies i n  t h e  spectrum. I f  high freq-iency components ex i s t  which are 

not  covered by t h e  sampling rate, they w i l l  be r e f l e c t e d  around the  

h ighes t  frequency represented, This is t h e  a l i a s i n g  e r r o r ,  which is 

not considered important except, perhaps, i n  t h e  9(20-20) spectrumso 

I n  Figures 45 and 46 the  normalized Fourier amplitude spectrums 

are shown f o r  four  simultaneous pa t t e rns ;  t h ree  are phase p a t t e r n s  and 

t h e  o the r  is an amplitude pa t t e rn .  Here AI? and CP are spectrums of t he  

Jl(20-40) pa t t e rns  taken a t  the  two ends of the  base l ine ,  while BP i s  

t h a t  of t h e  in te r fe rometer  pa t te rn .  AA is the  spectrum from the  20 m c  

p a t t e r n  measured at  t h e  same end of the  base l ine  where AI? w a s  measured. 

It is  observed t h a t  a l l  the  phase pa t t e rns  show some L.F, terms when 

comparison i s  made with the  amplitude pa t t e rns ,  

develop as f a s t  i n  amplitude as they do i n  phase. 

L,F, pa t t e rns  do not  

The interferometer 

p a t t e r n  spectrum again shows r e l a t i v e l y  more energy a t  the  higher fre- 

quencies when comparison is made wi th  the Jl(20-40) pa t t e rns .  
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Figure 45. Normalized Phase and Amplitude Spectra Obtained 
from Simultaneous Records 
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8 .  

Figure 46. Normalized Phase Spectra Obtained from S multaneous RBCOPBS 
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I n  Figures 47 and 48, a l l  t h e  spec t r a  came from amplitude pat- 

t e rns ;  a 20 MHz and a 40 MHz p a t t e r n  were measured at  each end of t h e  

base l ine ,  

base l ine  are not  as s i g n i f i c a n t  as d i f f e rences  i n  pa t t e rns  between t h e  

frequencies measured a t  t h e  same point.  Also, the  40 MHz pa t t e rns  show 

r e l a t i v e l y  more energy a t  the higher s p e c t r a l  frequencies. The theory 

of Chapter 2 shows how t h e  p a t t e r n s  of t he  smaller scales develop 

f a s t e r .  Thus, i t  is poss ib l e  f o r  t he  higher frequency terms t o  be more 

important a t  40 MHz than at  20 MHz. It is noted tha t  a l l  of these  

spectrums are about 4.5 Hz wide i f  t he  bandwidth is  defined as the  f re -  

FOT t h i s  da t a  sample, d i f f e rences  i n  pa t t e rns  across the  

quency ex ten t  a t  which the amplitude f e l l s  off  t o  10 percent of maximum. 

The main d i f fe rences  i n  the  s p e c t r a  are i n  the  d i s t r i b u t i o n  over t h i s  

bandwidth. 

4.2 Obtaining the  Fourier Spec t ra  a t  

The Fourier spec t r a  which w e r e  d 

the  Screen 

scussed i n  Section 4 .1  are 

those which represent  t he  phase and amplitude d i f f r a c t i o n  pa t t e rns  ob- 

served a t  the  rece iv ing  s t a t i o n s .  It has  been assumed t h a t  t h e  pa t t e rns  

have t h e  same o r i g i n  and each term i n  t h e  angular spectrum is produced 

by a corresponding s p a t i a l  frequency i n  t h e  phase-modulating screen. 

This is  equiva len t  t o  assuming t h a t  t h e  screen  is s u f f i c i e n t l y  weakly 

modulating t h a t  harmonic components i n  t h e  angular spectrum (which can 

correspond t o  apparently amplitude modulating s p a t i a l  pe r iod ic i t e s )  are 

not  s i g n i f i c a n t l y  la rge .  Thusp i f  t h e  p a t t e r n s  are t r ans fe r r ed  back t o  

the  screen  us ing  the  appropriate propagation func t ions ,  each p a t t e r n  

should y i e l d  e s s e n t i a l l y  t h e  same. function f o r  represent ing  t h e  screen. 
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Figure  47. Normalized Amplitude Spec t r a  Obtained from Simultaneous 
Records 
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Figure 48. Normalized Amplitude Spectra Obtained'from Simultaneous 
Records 
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These similar screens  would then Rave the  same Fourier spectra.  

closeness with which t h e  t r ans fe r r ed  spec t r a  correspond was  inves t iga ted  

u s h g  a computer program which searches f o r  a minimum va r i a t ion  i n  a 

least-squares sense. 

The 

The computer program accepted, as input a r rays ,  t he  normalized 

Fourier spec t r a  of two d i f f r a c t i o n  pa t t e rns  which were measured simul- 

taneously a t  one loca t ion .  

and a 40 MEIz amplitude p a t t e r n . o r  one of t he  two amplitude pa t t e rns  and 

the  d i f f e r e n t i a l  phase p a t t e r n  between t h e  20 MHz and 40 MHz e igna ls .  

Each term i n  the  normalized a r r ay  w a s  then divided through by its propa- 

gation function. Thus, the  coe f f i c i en t s  C(1) a t  t h e  screen became: 

These could be a 20 MHz amplitude pa t t e rn  

For t h e  20 MHz amplitude array-- 

where A2(I) i s  the  normalized va lue  of t he  I t h  harmonic of t h e  observed 

d i f f r a c t i o n  p a t t e r n  f o r  t h e  20 MHz s i g n a l s ,  and 0 is the independent 

parameter which expresses t h e  d i s t ance  from the  screen t o  the  poin t  where 

the  p a t t e r n  w a s  measured. 

For t h e  40 MHz amplitude array-- 

C ( I )  = A4(I) / s i n  (4-10) 

where A4(I) 

d i f f r a c t i o n  p a t t e r n  f o r  t h e  40 MHz, signals. 

is the  normalized va lue  of t he  I t h  harmonic o f  the  observed 
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For t h e  20-40 MHz d i f f e r e n t i a l  phase array-- 

G ( I )  = B24(1)/ 

where B24(I) is the  normalized va lue  of t h e  I t h  harmonic of t h e  observed 

I (4-11) 
1 

d i f f r a c t i o n  p a t t e r n  on the  phase between the  20 and 40 MHz s igna ls .  

I n  t h e  simulations,  any two of t h e  above expressions f o r  which 

Impl i c i t  i n  expressions 4-9 t o  4-11 da ta  w a s  ava i l ab le  could be used. 

is the assumption t h a t  each harmonic propagates as a function of a s ing le  

scale s i z e ,  This assumption is  j u s t i f i e d  i n  Section 5 .2 .4 ,  To prevent 

l a r g e  values of C(I) 

expressions became s m a l l ,  denominators having values %ess than 0.1 were 

replaced by 0.1. For t h e  f i r s t  runs, using two a r r ays ,  t h e  value of 0 

w a s  stepped i n  increments of 0 ,5  degrees and continuing t o  25,O degrees; 

th9s range i n  0 w a s  found t o  pos i t i on  t h e  screen a t  a l l  he ights  of 

i n t e r e s t  wi th in  the  ionosphere. The index I w a s  var ied  from 1 t o  15 

o r  1 t o  20 depending on t h e  input  spectrum, 

the  

normalized t o  the  l a r g e s t  member i n  t h e i r  a r ray .  

of t h e  d i f f e rences  of the  members of t he  normalized t r ans fe r r ed  a r rays  

hiiiving t h e  same va lue  of I was then found using the  function: 

from occurring when the denominators of the above 

For every value of 0 

C(1)- were obtained f o r  each of t he  two input  a r rays  and then were 

The sum of the  squares 

(4-12) 
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The sums, S(0) w e r e  s tored  f o r  a l l  0 and then sor ted  f o r  t h e i r  

minima. The value of 0 which produced t h i s  minimum w a s  than used i n  

the  appropriate p a i r  from 4-9, 4-10, and 4-11 to obtain the  normalized 

spec t r a  which represented the  screen. 

w a s  obtained, those regions i n  S(0)  were n u l l s  had been observed w e r e  

recrossed as 0 w a s  var ied  i n  s t e p s  of 0.05 degrees. 

To assure t h a t  an absolute m i n i m a  

For t h e  f i r s t  harmonic ( I = l )  , it w a s  i l l u s t r a t e d  i n  Chapter 2 
- 

t h a t  L1 is  r e l a t e d  t o  FZ through 0 : 

(4-13) 

Thus when the  value of 0 i n  rad ians ,  which minimizes 4-9, is  in- 

s e r t e d  i n  4-13, 

sa te l l i te  he ight  of t h e  d a t a  sample may be used with the  f igu res  of Sec- 

t i o n  2.7 t o  obta in  a p l o t  of L1 versus hI t h e  screen height.  

The frequency of t h e  f i r s t  harmonic i n  t h e  spectrum, fo  , 

L1 becomes a function of FZ * The zeni th  angle and 

obtained by processing the  records wi th  the  methods described i n  

Section 4.1, w a s  used t o  obta in  another r e l a t ionsh ip  between 

h I  . F i r s t  L1 w a s  expressed as a function of F 

L1 and 
- 

- 
L1 = V s ( l  - F) / fo  (4-14) 

The sagellite ve loc i ty ,  Vs and t h e  quantity 7 aye k m m  f o r  
- 

each t rack .  81nce each value of F corresponds t o  a p a r t i c u l a r  screen 

he ight ,  hI f o r  t h e  p a r t i c u l a r  satell i te he ight  and e l eva t ion  angle 

of the d a t a  sample, a p l o t  of L1 versus hI w a s  obtained- An example 
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of these two curves and t h e i r  sfngle crossing is shown i n  Figure 49; 

t h i s  is on@ of the  e ight  cases represented i n  Table 4. The crossing 

point y ie lds  two values of interest--the scale s i z e  of the f i r s t  har- 

monic and the height of the screen. 

Once the  scale s i z e  of the  f i r s t  harmonic is determined, a scale  

s i z e  f o r  each t e r m  i n  the spectrum may be obtained. 

ized amplitude of the spectrum a t  the screen versus scale s i z e  is 

given i n  Figure 50.  

f igure came from the r e su l t s  of e ight  simulations for  obtaining Fourier 

spectra  a t  the screen. 

A p lo t  of normal- 

The 60 points used t o  obtain th i s  composfte 
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CHAPTER 5 RESULTS ANTI CONCLUSIONS 

The i n i t i a l  discussion in t h i s  chapter consists of a comparison 

of the phase and amplitude pa t t e rns  which develop behind the  various 

screen models presented i n  Chapter 2; both t h e  similarities and d i f -  

ferences i n  t h e  p a t t e r n s  are noted. Because i t  has been assumed t h a t  

each harmonic i n  the  spectra has an associated weak modulation, the 

p r i n c i p l e  of superposit ion is evoked t o  assemble a composite ionospheric 

phase-modulating screen t h a t  w i l l  produce the  p a r t i c u l a r  pa t t e rns  which 

w e r e  measured a t  the  rece iv ing  s t a t i o n s .  The Fourier spec t r a ,  f o r  

represent ing  the  screens obtained by t r ans fe r r ing  the spec t r a  of t he  

measured pa t t e rns  back t o  the  a l t i t u d e  which minimizes t h e i r  d i f  ferehrces, 

are shown t o  possess the  c h a r a c t e r i s t i c s  of the composite screens. 

The results obtained i n  t h i s  study are compared with those of 

other i n v e s t i g a t o r s ,  A f i n a l  s e c t i o n  contains suggestions f o r  fu tu re  

work 

5.1 A Comparison of Phase and Amplitude Pa t t e rns  and Their Spectra 

When the  d i f f r a c t i o n  p a t t e r n s  which develop behind t h e  t h e o r e t i c a l  

screens of Chapter 2 are examined, both s i m i l a r i t i e s  and d i f fe rences  are 

observed. For those screens cons is t ing  of more than a s i n g l e  modulating 

frequency, both the  phase and amplitude pa t t e rns  change with d i s t ance  

behind t h e  screen. 

t h e  screen  propagates as a d i f f e r e n t  function of d i s tance  from the  screen. 

Therefore, t h e  co r re l a t ion  functions of these pa t t e rns  a l s o  depend on, 

and change with,  the d is tance  from the  screen- 

Each component of t he  Fourier series which represents  
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The v a r i a t i o n  of the  magnitude of a s i n g l e  component of th ree  of 

the  d i f f r a c t i o n  pa t t e rns  measured f o r  this inves t iga t ion  are shown i n  

Figure 18 as a function of d is tance  behind 'a  t h i n  screen. These curves 

i l l u s t r a t e  t ha t ,  d t h o u g h  i t  is  poss ib le  f o r  t h e  same harmonic i n  the  

two amplitude pa t t e rns  t o  vanish a t  t h e  same dis tance  from t h e  screen, 

there  is  no d i s t ance  t h a t  will cause the  simultaneous disappearance of 

t he  same harmonic i n  e i t h e r  of t h e  two amplitude pa t t e rns  and the  phase 

d i f fe rence  p a t t t e r n .  Thus t h e  absence of a p a r t i c u l a r  harmonic i n  the  

two pa t t e rns  ind ica t e s  t h a t  i t  w a s  no t  present  i n  the  phase-modulating 

screen. If phase and amplitude p a t t e r n s  are both measured on the  same 

transmitted frequency, i t  I s  poss ib le  f o r  one t o  be q u i t e  evident while 

t h e  o the r  is  absent;  t h i s  w a s  noted by DeBarber (1962)'15], who ue?d a 

s h o r t  0.152 km base l ine  f o r  measuring the  phase f luc tua t ions  on 54 MHz 

s i g n a l s  

Comparison of t h e  measured phase and amplitude pa t t e rns  revea ls  

t h a t  t he  phase p a t t e r n s  usua l ly  contained more relative energy i n  t h e i r  

low frequency components. This i n  p a r t  is  due t o  the  p a t t e r n  propaga- 

t i o n  func t ions  which reduce the  amplitude components considerably more 

when 2mFZ/L i s  s m a l l .  Also, when the  screen i s  n e i t h e r  s i n g l e  f r e -  

quency no r  weak, t h e  crms products inherent i n  the  r e c t i f i c a t i o n  

operations,  which y i e l d  amplitudes, lead t o  more energy i n  t h e  higher 

frequency components. 

I n  t h i s  i nves t iga t ion  amplitude p a t t e r n s  were measured on both 

The t h o r e t i c a l  work of Chapter 2 reveals t h a t  20 and 40 MHz s igna l s .  

i f  liFX/L2 is g r e a t e r  than IT f o r  X being t h a t  of t he  20 MHz s i g n a l ,  
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then t h e  40 MHz amplitude p a t t e r n  w i l l  be s h i f t e d  so t h a t  t h e  n u l l s  i n  

the pa t t e rns  will not be coincident, 

t he  measured p a t  t e rns  

This s h i f t  w a s  no t  observed i n  

When two-dimensional screens are considered, the  observed pat- 

t e rns  become a function of t h e  d i r e c t i o n  i n  which the  screen is  tra- 

versed. 

t he  d i r e c t i o n  of travel, the  amplitude pa t t e rns  develop i n  one-half the  

d is tance  f o r  t h e  same scale sizes.  Each complexity added t o  the  screen 

model increases  t h e  number of s i g n i f i c a n t  Fourier terms required t o  

properly represent  t h e  screen and the  d i f f r a c t i o n  pa t t e rns  t h a t  r e s u l t  

behind it. The f a c t  t h a t  a l l  of t h e  observed d i f f r a c t i o n  pa t t e rns  

could be represented by a few s i g n i f i c a n t  Fourier terms shows t h a t  

these  p a t t e r n s  or ig ina ted  from a r e l a t i v e l y  simple screen. 

When the  anomalies are n o t  elongated i n  a d i r ec t ion  normal t o  

Although most of the  phase d i f f r a c t i o n  p a t t e r n s  examined i n  t h i s  

study were t h e  d i f f e r e n t i a l  phase pa t t e rns  t h a t  exis t  between two f re -  

quencies received a t  t h e  same poin t ,  some phase d i f fe rences  across  8 

base l ine  were used. It has been shown, i n  t h i s  case, i f  t h e  antenna 

spacing is  the base l ine  length,  b then t h i s  

e f f e c t  a s p a t i a l  f i l t e r  with a pass  band whose 

A base l ine  having a length of one kilometer o r  

those s p a t i a l  frequencies which o r i g i n a t e  from 

interferometer is i n  

,by2 function is 2 sin - L o  
less w i l l  a t t enua te  

the  l a r g e r  anomalies. 

This f i l t e r  e f f e c t  accounts f o r  t he  d i f fe rences  observed i n  the phdse 

pattelins measured across t h e  base l ine .  
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It w a s  shown in  Chapter 2 t h a t  t h e  s i n g l e  frequency, one- 

dimensional screen is the  most e f f e c t i v e  f o r  producing deep n u l l s  i n  

the amplitude p a t t e r n  f o r  a given peak phase modulation, 4o . When 

t h e  screen becomes two-dimensional and th ick ,  with t h e  same value of 

$o no t  only i s  the average modulation i n t e n s i t y  across t h e  screen re- 

duced b u t  the phasing of the several d i f f r a c t e d  components is  such t h a t  

fewer n u l l s  are produced, Because the  most e f f i c i e n t  screen produces 

deep notches f o r  $o of 0 . 8  radian o r  g rea t e r ,  the  regular  occurrence 

of deep notches behind a two-dimensional screen of f i n i t e  thickness in- 

d i c a t e s  t h a t  t he  screen  has a peak modulation of more than one radian. 

This has  been observed f o r  most of the  Yecords processed. 

5.2 Ionospheric Screen Requirements f o r  Producing the  Observed 
Di f f r ac t ion  Pa t t e rns  

I n  t h i s  s ec t ion  the  c h a r a c t e r i s t i c s  of the  d i f f r a c t i o n  p a t t e r n s  

whtch developed behind the  t h e o r e t i c a l  screens of Chapter 2 are used t o  

spec i fy  some of t h e  parameters of a real ionospheric screen. The cri- 

t e r i o n  used i s  t h a t  t h e  spec i f i ed  screens produce, when the  geometric 

r e l a t ionsh ips  of Section 2.7 are considered, t h e  phase and amplitude 

pa t t e rns  which have been recorded and analyzed. 

5.2.1 The Magnitude of the Peak Phase Modulation 

Using t h e  scintillation index, S as a measure, the peak phase 

modulation a t  the  screen is  found t o  be s l i g h t l y  l a r g e r  than one radian 

for t h e  samples t h a t  were processed. The s c i n t i l l a t i o n  index has been 
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used i n  previous s tud ie s  

tua t ions  on received r ad io  frequency signals The recorded amplitudes 

are sca led  by using t h e  r e l a t ionsh ip :  

t o  ind ica t e  the  magnitude of t he  fluc- 

Max signal - Min s i g n a l  
Max Signal  -+ ‘Min s i g n a l  s =  (5-1) 

A s  t h e  f luc tua t ion  level is  t o  be determhed over the sample 

duration, f o r  consistency i n  reduction of records, the  t h i r d  peak down 

is used f o r  t he  maximum s i g n a l  and the  t h i r d  n u l l  up f o r  the  minimum 

s igna l ;  t he  sample period should conta in  a t  least ten changes from 

maximum t o  minimum. 

where t h e  peak phase modulation w a s  one radian, were considered, tile 

vol tage  s c i n t i l l a t i o n  index, 

var ied  from.0.31 t o  0.84. The mean value of S f o r  the simulations 

When a l l  t he  simulation runs made f o r  Chapter 2, 

Sv , of the  r e s u l t i n g  amplitude pa t t e rns  

V 
was 0.46 with one-fourth of t h e  values being above 0.72. This leads  t o  

the  conclusion t h a t  the  peak phase modulation at t h e  screen w a s  g rea t e r  

than one radian. This w a s  no t  revealed i n  any of t he  previous s t u d i e s  

where t h e  e f f i c i e n t  one-dimensional cosine screen of H e w i s h  (1952) 

w a s  used as a model for determining t h e  i n t e n s i t y  of t h e  phase modula- 

t ion.  It w a s  shown i n  Chapter 2 t h a t  t h e  two-dimensional screen having 

f i n i t e  thickness is less efficient i n  generating peaks and n u l l s .  This 

ine f f i c i ency  combines with t h e  s t rong  dependence of the  pa t t e rns  on the  

d i s t ance  from the screen t o  reduce t h e  s c i n t i l l a t i o n  index of t h e  

observed p a t t e r n s .  

f41 

Another parameter of interest f o r  i nd ica t ing  the  i n t e n s i t y  of 

the  amplitude s c i n t i l l a t i o n s  is t h e  r a t i o  of a,c. t o  d.c. powers. This 



-149- 

i s  expressed by 2-77. By p l o t t i n g  Sv aga ins t  t he  power r a t i o ,  RA 

a l i n e a r  r e l a t ionsh ip  w a s  found t o  e x i s t  f o r  these  two quan t i t i e s .  

Sv = 0.3 f 2 .  RA (5-2) 

The average value of 

terns processed w a s  O e 1 l ;  t he  f luc tua t ing  s i g n a l  power w a s  s l i g h t l y  

g rea t e r  than 10 percent of t h e  average s i g n a l  power. When t h e  theoret-  

ical  d i f f r a c t i o n  pa t t e rns  of Chapter 2 w e r e  analyzed, the  s c i n t i l l a t i o n  

index and RA w e r e  shown t o  be s t rong  functions of the  s c a l e  s i z e  and 

the  d i s t ance  from the  screen. 

RA taken over a l l  t h e  amplitude d i f f r a c t i o n  pat- 

This i nd ica t e s  t h a t  these q u a n t i t i e s ,  

when obtained from a s i n g l e  d i f f r a c t i o n  p a t t e r n  record, are n o t  5uf- 

f i c i e n t  f o r  determining the  phase-modulating i n t e n s i t y  of the  screen. 

5.2.2 The Scale S ize  of t h e  I r r e g u l a r i t i e s  

This inves t iga t ioE has determined t h a t  the  scale s i z e s  obtained 

f o r  i r r e g u l a r i t i e s  during processing of t h e  d i f f r a c t i o n  p a t t e r n  records 

depend on t h e  p a r t i c u l a r  pa t t e rns  measured and the  d e f i n i t i o n  of t h e  

t e r m  "scale size." 

with t h e  major components i n  the Fourier c o e f f i c i e n t  spec t r a  f o r  t he  

amplitude p a t t e r n s  measured, r e s u l t s  i n  scale s i z e  va r i a t ions  of from 

0.63 km t o  10. km with a mean value of 2.16 km. I f  t he  same procedures 

are used with the  major components i n  t h e  Fourier spec t r a  of t he  d i f -  

f e r e n t i a l  phase p a t t e r n s ,  q(20-40) , which w e r e  measured between two 

frequencies a t  t h e  same loca t ion ,  t h e  scale s i z e  i s  found t o  vary from 

2 t o  1 7  kmwith t h e  mean value being 7 km. When the in te r fe rometer  

Using t h e  geometrical r e l a t ionsh ips  of Section 2.7 



records,  q(20-2Ob) 

same ana lys i s ,  t he  scale s i z e s  obtained vary from 0,7 km t o  5 . 8  km, 

taken across t h e  1,Q km base l ine  are used i n  the  

wi th  a mean value of 1.8 km. 

The methods of Section 4.2 t r ans fe r r ed  pa t t e rns  back t o  t h e  

he ight  of the  screen where the  scale s i z e s  were determined. Tn some 

ins tances ,  only amplitude pa t t e rns  were used; i n  others,  d i f f e r e n t i a l  

phase and amplitude pa t t e rns  were used together.  Figure 50, which is 

a p l o t  of normalized amplitude of components a t  t h e  screen versus scale 

s i z e ,  shows peaks i n  amplitude a t  2, 6,  and 12  km. This is  i n  good 

agreement with t h e  scale s i z e s  obtained by use of t he  ind iv idua l  pat- 

t e rns .  

the  amplitude pa t t e rns ;  it is poss ib le  f o r  them t o  appear when the  

anomalies are elongated o r  due t o  the  bea ts  of two o r  more smaller 

scale s i z e s .  

The presence of l a r g e  scale s i z e s  are n o t  usua l ly  evident i n  

Most of t he  work previously performed t o  inves t iga t e  d i f f r a c t i o n  

Also, p a t t e r n s  has been based on ana lys i s  of amplitude patterns alone. 

i n  most cases t h e  determination of scale s i z e  has assumed t h a t  the 

scale s i ze  of the p a t t e r n  was similar t o  t h a t  of the screen; then a 

measure of c o r r e l a t i o n  d i s t ance  was used t o  estimate the  scale s ize ,  

Tg permit comparison of the  f ind ings  of t h i s  inves t iga t ion  with those 

of o the r  s t u d i e s ,  t he  method of Aarons and Guidice (1966) "'9 i s  used 

t o  demonstrate the r e l a t ionsh ip  between scale s i z e  and co r re l a t ion  

d is tance .  That inves t iga t ion  used an i r r e g u l a r i t y  scale s i z e p  Lp 

(F f o r  Four ie r ) ,  defined by Lawrence e t  af (3.964) ' as the  r ec ip roca l  

of t h e  wave number of the dominant terns i n  the  Fourier anafys is  of t he  
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i r r e g u l a r i t y  d i s t r i b u t i o n s .  It is 27r t i m e s  g rea te r  than t h e  auto- 

co r re l a t ion  d is tance ,  L (c for co r re l a t ion )  f o r  a s ing le  frequency 

screen. I f  t h i s  r e l a t ionsh ip  is used to  f ind  L f o r  the d i f f r a c t i o n  

pa t t e rns  measured and analyzed f o r  t h i s  inves t iga t ion ,  then a mean Le 
is obtained of 0.34  km f o r  the  amplitude pa t t e rns ,  1.11 km f o r  the  d i f -  

C 

C 

f e r e n t i a l  phase pa t t e rns ,  and 0.29 km f o r  the  phase pa t t e rns  measured 

across  the  base l ine .  For inves t iga t ions  using au tocorre la t ion  func- 

t i o n s  and t h e  assumption of a Gaussian d i s t r i b u t i o n  for the  phase 

modulationE151, i f  t h e  f a l l o f f  t o  0.606 is 

the co r re l a t ion  d is tance ,  then LF is  6 . 8  

Another important consideratior, f o r  

a s se r t ed  t o  correspond t o  

t i m e s  g rea t e r  than Lc 

s c a l e  s i z e  determination is 

whether the r a d i a t i n g  source i s  a satel l i te  OK a rad io  star. Wher 

t r acks  are made a t  low e leva t ions ,  t he  geometry of sa te l l i t e  measure- 

ments reduces the  value of FZ t o  about one h a l f  of 2 ; t he  amplitude 
- 

p a t t e r n s  produced by the l a r g e r  s c a l e  s i z e s  do not  have d is tance  i n  

which t o  develop. For t h i s  reason, those inves t iga t ions  which used 

r ad io  stars a t  e leva t ion  angles not  near the  zeni th  should obtain 

l a r g e r  values f o r  

L 

7 km f o r  LF e 

t h i s  i nves t iga t ion  where t h e  phase d i f f e rence  p a t t e r n s ,  

e This held t r u e  f o r  Bewish (1952)14’, who found =F 

t o  be 3 t o  7 lcm, and Aarons and Guidice (1966)E1g1, who obtained 

These values correspond c lose ly  t o  those obtained i n  
9 

$(20-40) 

were analyzed. 

Having examined and analyzed the  several types.of d i f f r a c t i o n  

p a t t e r n s  measured, i t  w a s  concluded t h a t  t he  phase-modulating screens 

conta in  s c a l e  s i z e s  from less than 1 k m  t o  g rea t e r  than 15 km. The low 
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frequency terms which r e s u l t  from the  l a r g e  scale s i z e s  contain t h e  most 

phase modulation bu t  are no t  much i n  evidence when amplitude o r  base l ine  

in te r fe rometer  pa t  te rns  are measured. Superimposed on t h i s  s t r u c t u r e  of 

scale s i z e s ,  which r e s u l t s  i n  a small number of Fourier terms f o r  the  

spec t r a ,  is a c e r t a i n  amount of randomness which derives from a l a r g e r  

number of s m a l l  scale s i z e  i r r e g u l a r i t i e s .  

It is  worth not ing  here  how d i s s i m i l a r  t h e  spec t r a  obtained f o r  

represent ing  the  screens are when compared with the s p e c t r a  of t i m e  

func t ions  from more random phenomena. The spec t r a  f o r  t he  screens have, 

on the average, 7.6 harmonics i n  t h e  f L r s t  15 spec t r a  wi th  normalized 

amplitudes l a r g e r  than 0.2; t he  bandwidth was 51  percent achieved f o r  

t h i s  threshold.  I n  each case, t h e  f i r s t  harmonic w a s  t h e  l a r g e s t  ele- 

ment. When a number of samples of t he  radar  amplitude function from 20 

randomly spinning metallic r e f l e c t o r s ,  p lus  a steady component, were 

analyzed, they were found t o  produce 13 harmonics i n  t h e  f i r s t  15 of 

t h e i r  Fourier spec t r a  wi th  normalized amplitudes g rea t e r  than 0,2; the  

bandwidth was 87 percent achieved. Also, the  pos i t i on  of t h e  harmonic 

i n  the normalized spec t r a  which had the  maximum amplitude var ied  from 

t h e  f i r s t  t o  t h e  four teenth  wi th  t h e  average belng t h e  seventh harmonic. 

The Fourier series s p e c t r a  which r e s u l t  when random phenomena are 

sampled are wide-band with t h e  l a r g e r  element taking any pos i t i on  in 

the  bandwidth wi th  equal  p robab i l i t y .  The s p e c t r a  obtained fo r  repre- 

s en t ing  t h i s  s p a t i a l  modulation across  t h e  ionospheric.screens were 

narrow band and ordered such t h a t  t h e  f i r s t  harmonic w a s  t he  l a rges t .  
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5.2.3 The Height Dis t r ibu t ion  of the Anomalies 

A l l  p a s t  i nves t iga t ions  of F-region anomalies appear t o  agree 

t h a t  t h e  screen he ight  should l i e  between the a l t i t u d e s  of 250 and 600 

km. 

show dependence on t h e  frequency transmitted,  the  pa t t e rns  used, o r  t he  

method used. There is  reason f o r  no t  obtaining a p rec i se  he ight  de te r -  

mination through examination of t h e  pa t te rns .  For example, i n  t h i s  

study when the  satell i te was  nea r  zeni th  a t  a he ight  of 1,000 km, t h e  

FZ term, which is  t h e  v a r i a b l e  i n  p a t t e r n  propagation when scale s i z e  

is  a constant,  increases  by only 28 percent as t h e  ionospheric height 

is increased from 250 t o  600 km. The e f f e c t  is even less at  l a r g e r  

zeni th  angles. I f  anomalies have scale s i z e s  which produce maximu;= 

i n t e n s i t y  amplitude pa t t e rns  when they are posit ioned a t  an a l t i t u d e  

of 600 km, they w i l l  produce 0.90 of t h i s  amplitude when they are 

posit ioned a t  250 km. Lowering t h e  satel l i te  he ight  w i l l  produce a 

l a r g e r  v a r i a t i o n  of the pa t t e rns  as the  scale s i z e  is moved through 

t h e  ionosphere; i t  a l s o  w i l l  reduce t h e  cont r ibu t ions  of a l l  l a rge  

scale s i z e s .  

The values f o r  height obtained by use of various methods d id  no t  

- 

Two methods w e r e  used i n  t h i s  study t o  obtain the  he ight  of t he  

ionospheric phase-modulating screens  e F i r s t  i t  w a s  observed i n  Chapter 

2 t h a t ,  when 0(0  = 2nhYZ/L ) is  l a r g e r  than IT f o r  the  20 MHz trans- 

mission, t he  n u l l s  i n  t h e  20 MHz and the  40 MHz amplitude p a t t e r n s  

would not occur a t  t h e  same t i m e .  I n  t h e  measured pa t t e rns  the  n u l l s  

occurred together;  thus 0 must be assumed t o  be less than B . If 

the  mean value f o r  L obtained f o r  the  cases when simultaneous 

2 

i ’  
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amplitude pa t t e rns  w e r e  measured, 2.55 kin is inser ted  i n  the express- 

ion f o r  @<IT - and Figures, 15 through 17 o f  Section 2,7 are used, i t  

is  found t h a t  t h e  ionospheric he ight ,  

250 km t o  less than 400 km, 
h i  f o r  t h e  screen varies from 

The second method f o r  he ight  determination, discussed i n  Section 

4.2, involves t r a n s f e r r i n g  the  measured spec t r a  back t o  a he ight  which 

minimizes t h e i r  d i f fe rences  when t h e  appropriate propagation f a c t o r s  

are used. 

of from 250 t o  390 km, with t h e  mean value of 300 km (see Table 41, 

w a s  concluded t h a t  the screeii he ights  vsry from 250 t o  about 400 km 

with the  mean value near  300 km. These values are i n  general  less ?han 

those obtained by DeBarber (1962) 

This method r e su l t ed  i n  a height v a r i a t i o n  f o r  t he  screens 

It 

from 330 t o  540 km but  In good 

agreement with those given by Yerlchimore (1962)[211--270 t o  350 km- 

The pos i t i on  of t h e  observed anomalies with respect t o  t h e  

he ight  of maximum ion iza t ion ,  and the  excess ion iza t ion  of the  l a r g e  

anomalies, corresponds to  the  pred ic t ions  of t he  theory of Martyn 

(1959) c291. 

and t i m e  frame could be obtained using o ther  theor ies  f o r  i r r e g u l a r i t y  

formation (I 

However, patches of excess ion iza t ion  i n  the  same pos i t i on  

5.2.4 The Composite Screen 

The conclusions of Sections 5 , 2 , 1  through 5 ,2 ,3  are combined t o  

spec i fy  phase-modulating screens which agree wfth the theory of Chapter 

2 and which are capable of producing phase and amplitude d i f f r a c t i o n  

p a t t e r n s  s i m i l a r  t o  those measured. 

screen w i l l  vary from 250 t o  400 km, with the  most l i k e l y  value being 

The mean he ight  of t he  ionospheric 
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Table 4 

Run No. 

1 

2 

3 

4 

5 

6 

7 

8 

Height of the Irregularities 

Type of Spectra 

AmP-hP 

Amp-Amp 

AmP-AmP 

Amp-Phase 

Amp-Phas e 

Amp-Phase 

Amp-Phase 

Amp-Phase 

Height (km) 

280 

390 

300 

325 

310 

250 

295 

265 
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about 300 km. 

s i g h t l y  f o r  s m a l l  va r i a t ions  i n  screen he ight ,  t he  screen  thickness i s  

Because the  dominant terms i n  t h e  pa t t e rns  change only 

d i f f i c u l t  t o  determine, The ca l cu la t ions  described i n  SectLon 4,2 

ind ica t e  t h a t  t h e  screen  thickness should be less than 100 km. 

The t o t a l  peak phase modulation i n  most cases is g rea t e r  than 

one radian, which is  divided among s c a l e  s i z e s  ranging from 15 km down 

t o  1 km. 

length. The s t r u c t u r e  of t h e  screen i s  such t h a t  smaller blobs are 

superimposed on o r  imbedded i n  the  l a r g e r  blobs. 

duce the  g r e a t e s t  v a r i a t i o n  i n  phase; t he  variances of t he  $(20-40) 

d i f f e r e n t i a l  phase pa t t e rns  were t e n  times as l a rge  as those f o r  t h e  

$(20-20b) in te r fe rometer  phase pa t t e rns  across t h e  base l ine .  It is  

i n t e r e s t i n g  t o  note  t h a t  the  scale s izes  between 4 t o  8 km have less 

phase modulation than did those which were l a r g e r  o r  smaller, 

modulation assoc ia ted  with t h e  small scale s i z e s  prevents l a r g e  scattes- 

h g  angles which v a l i d a t e s  the  assumptions of Section 2 e 7 1 whereby 

t h e  region of t h e  screen which can cont r ibu te  t o  t h e  p a t t e r n  a t  a 

po in t  is no more than a s c a l e  s i z e  i n  ex ten t ,  The l a r g e r  scale sizes 

have no t  been observed i n  inves t iga t ions  where the  amplitude pa t t e rns  

alone were used. 

as r a d i a t i o n  sourcesI 

anomalies are elongated the small scale s i z e  controls t he  propagation 

f a c t o r  f o r  the  p a t t e r n ,  while t he  direction. of t r ave l .o f  the  sa te l l i t e  

across  t h e  screen  cont ro ls  t h e  s c a l e  s i z e  observed, Because t h e  l a r g e r  

scale s i z e s  were f o r  t h e  most p a r t  no t  seen i n  t h e  amplitude p a t t e r n s ,  

This upper l i m i t  on scale s i ze  is determined by t h e  sample 

The l a rge  blobs pro- 

The weak 

vis is  p a r t i c u l a r l y  t rue  where satellites were used 

The theory of Chapter 2 shows t h a t  when the 
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the  anomalies appeared n o t  t o  be elongated; t h i s  w a s  the  conclusions of 

Titheridge (1966) E221 e However, t h e  records w e r e  a l l  taken when the  

satel l i te  w a s  t o  t h e  nor th  of t h e  receiving s t a t i o n s  where the  magnetic 

f i e l d  geometry i s  such t h a t  t h i s  d i r ec t ion  of t r a v e l  of t h e  satell i te 

is nea r ly  across  t h e  s m a l l  ( transverse) axis of the  anomalies. For 

t h i s  reason, t h e  presence of elongated anomalies would not be detected. 

Because of t h i s  p a r t i c u l a r  ray path magnetic f i e l d  geometry, the  pro- 

cedure of Section 4.2, which assumes t h a t  each harmonic i n  the  p a t t e r n  

propagated as a function of a s i n g l e  scale s i z e ,  are j u s t i f i e d .  

The l a r g e r  blobs comprising t h e  bulk of t he  modulation could 

r e s u l t  from a number of smaller blobs which merged by d i f fus ion  bu t  

which r e t a ined  some of t h e  s m a l l  scale c h a r a c t e r i s t i c s  i n  t h e i r  e lec t ron  

dens i ty  gradients.  This pos tu la ted  configuration acquires credence by 

v i r t u e  of t h e  f a c t  t h a t  patches of s c i n t i l l a t i o n  have been noted 

and l a r g e  s c a l e  anomalies have been observed t o  d r i f t  while r e t a in ing  

t h e i r  i d e n t i t y .  S t e w a r t  and Thitheridge (1966) 

with ho r i zon ta l  dimensions from 75 t o  520 km. Large scale i r r egu la r -  

i t i e s  a l s o  were s tudied  by Chisholm (1961) ‘ 241  who gave 38 km t o  117 km 

as t h e i r  ho r i zon ta l  dimensions e Since the  configurations of anomalies 

are no t  t r u l y  symmetrical, they produce d i f f r a c t i o n  pa t t e rns  which con- 

t a i n  a measure of random v a r i a t i o n  i n  addi t ion  t o  the  f i n i t e  number of 

Fourier terms represent ing  t h e  bulk  of t he  modulation. 

v a r i a t i o n  is represented by a l a r g e r  number of s m a l l  aplplitude Fourier 

E 81 

ob s e rved p a t  ches E241 

This random 

terms, 

t i m e s ,  t h e  r e s u l t i n g  Fourier spectra contain a l a r g e r  contribution due 

When t h e  p a t t e r n  produced by t h e  screen is sampled f o r  longer 
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t o  t h e  randomness i n  t h e  s i z e  and spacing of t h e  anomalies. This 

s i t u a t i o n  is more l i k e l y  t o  occur when r ad io  stars are used as a 

r a d i a t i n g  source. 

t o  avoid magnifying the  apparent randomness of t h e  screens., 

accomplished by sampling over a t i m e  cons is t ing  of one o r  more complete 

periods of record f luc tua t ion .  

I n  t h i s  study, t h e  sampling techniques were se l ec t ed  

This w a s  

5.3. Comparison With Previous Inves t iga t ions  

Previous inves t iga t ions  used Fourier ana lys i s  t o  determine t h e  

scale s i z e  of t h e  ionospheric i r r e g u l a r i t i e s ,  Gruber (1961) '251 used 

the  r ad io  star Cygnus A and tracked on frequencies of 50 and 200 MHz. 

I n  t h a t  i nves t iga t ion ,  measurements were made across t h e  base l ine  or 

400 meters i n  length.  The phase d i f f e rences  and the  sum of the  ampli- 

tude f luc tua t ions  were used f o r  records,  and during processing, the 

au tocorre la t ion  function and power dens i ty  s p e c t r a  were determined. 

The usua l  assumptions were used of the  s c a t t e r i n g  being a random process 

and t h e  one-to-one r e l a t ionsh ip  between t h e  s p a t i a l  au tocorre la t ion  

function of t h e  phase-modulating screen and the  f luc tua t ions  observed 

a t  t h e  ground. 

amplitude t o  be somewhat similar although t h e  spec t r a  were n o t  a con- 

tinuum but  consisted of d i s c r e t e  frequency components. 

Chapter 2 shows t h a t  t h e  s h o r t  base l ine  used would f i l t e r  out t h e  bar- 

ger scale s i z e s  i n  t h e  phase p a t t e r n ,  Although t h e  data-handling pro- 

cedure i s  one which tends t o  smooth the  spec t r a ,  i t s d o e s  not  suppress 

the  d i s c r e t e  harmonic components. 

Tho i nves t iga t ion  determined t h e  spec t r a  f o r  phase and 

The ana lys i s  of 
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also used t h e  rad io  E261 An inves t iga t ion  by Lansinger (1966) 

s tar  Cygnus A. 

t h e  au tocorre la t ion  functions and power dens i ty  approach; they were 

found t o  be somewhat d i f f e r e n t  even though the durations of t h e  d a t a  

samples were from 1.5 t o  2.0 hours. A t  t i m e s ,  t h e  statistics f o r  t he  

amplitude and angular s c i n t i l l a t i o n s  showed dependence; this i s  poss ib le  

s ince  t h e  s ta t is t ics  are not t i m e  functions.  This condition suggested 

t h a t  the  ionospheric screen model consisted of non-random ioniza t ions  

which produced an ordered s t r u c t u r e  i n  the  ground d i f f r a c t i o n  pa t te rns .  

As the  only screen  motions are due t o  Ea r th*s  r o t a t i o n  and ionospheric 

d r i f t s ,  the important frequency components i n  t h e  spec t r a  have f re -  

quencies which are an order of magnitude smaller than those result2ng 

from satel l i te  t racks ,  The continuous a l t e r a t i o n s  i n  s i z e  and e l ec t ron  

dens i ty  of the  ind iv idua l  anomalies give them a more random appearance; 

i f  t h e  pa t t e rns  are somewhat ordered f o r  r ad io  star t racks  they should 

be even more ordered f o r  sa te l l i t e  tracks.  

Both phase and amplitude spec t r a  w e r e  obtained using 

Another i nves t iga t ion  using power spec t r a ,  made by Jesperson 

and Kamas  (1964) used t h e  s c i n t i l l a t i o n  on satell i te s i g n a l s  of 

54 and 150 MHz, and again found t h a t  the  s p e c t r a  are composed primarily 

of several d i s c r e t e  components and t h a t  on no occasion w a s  t he re  a con- 

tinuous d i s t r i b u t i o n  of frequencies. 

less than 3 Hz. This inves t iga t ion ,  which uses the  frequencies of 20 

and 40 MHz and both phase and amplitude d i f f r a c t i o n  patterns confirms 

the observations of Jesperson and Kamas ,  For t h e  theory of Chapter 2 

and the  da t a  processing procedure of Chapter 4 ,  both inves t iga t ions  

The upper frequencies were a l l  
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i n d i c a t e  tha t :  

and (2) amplitude pa t t e rns  on two d i f f e r e n t  transmitted frequencies, 

(1) t h e  s p e c t r a  cons i s t  of a f e w  important components, 

measured sjmultaneously a t  t h e  same loca t ion ,  w i l l  no t  have t h e  same 

ordering of t h e i r  important components. I n  addi t ion ,  t he  phase pat- 

t e r n s  may contain o ther  qu i t e  s i g n i f i c a n t  terms, 

Another s c i n t i l l a t i o n  study which warrants note  is  t h a t  of Allen, 

Aarons and Whitney (1964) r281, which analyzed the  amplitude d i f f r a c t i o n  

pa t t e rns  t h a t  developed on t h e  transmissions from both r ad io  stars 

Cygnua A and Cossiopeia A and satellites. 

compared with t h e  random s c a t t e r i n g  anc lys i s  of Briggs and Parkin 

When t h e i r  measurements were 

(1963) ['I, incons is tenc ies  were revealed, F i r s t  t he  mean f r e q u e n q  

dependence i n  the  region between 30 and 63 MHz w a s  less than inverse 

l inear.  (The geometrical developments of Section 2.7 show t h i s  could 

occur only i n  a p a r t i c u l a r  range of t h e  independent va r i ab le  0 e )  

Also, t h i s  study s t a t e d  t h a t  i t  was not unusual f o r  amplitude s c i n t i l -  

l a t i o n  t o  decrease with decreasing frequency, even i n  the  higher H. F. 

region, during in t ense  storms, This would occur, as shown i n  Section 

2.7, i f  the r a t i o  FZA/L2 is  approximately equal t o  0,5 f o r  the lowest 

frequency, F ina l ly ,  the  study concluded t h a t  multifrequency observa- 

tzons have shown t h a t ,  when satel l i te  beacon frequencies are used, it 

is usua l ly  n o t  poss ib l e  t o  f i n d  a d i r e c t  correspondence between the  

shadow p a t t e r n  on t h e  ground and the  i r r e g u l a r i t y  p a t t e r n  i n  t h e  iono- 

sphere. 

amplitude d i f f r a c t i o n  p a t t e r n  behind a screen is similar t o  t h e  s p a t i a l  

The theory of Chapter 2 shows t h a t  the  only t i m e  a phase o r  

d i s t r i b u t i o n  along t h e  screen is  when the  screen can be represented by 

a s i n g l e  s p a t i a l  frequency. 
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5.4 Suggestions f o r  Further Work 

The ana lys i s  involving t h e  geometrical considerations i n  Chapter 

2 showed t h a t  f o r  an interferometer system t h e  base l ine  length deter-  

mined which of t he  screen scale s i z e s  would be  enhanced. A va r i ab le  

base l ine  system should be constructed such t h a t  a number of i n t e r f e ro -  

m e t e r  d i f f r a c t i o n  pa t t e rns  could be  generated f o r  each satel l i te  pass. 

These pa t t e rns  then should be compared with the  amplitude pa t t e rns  

measured a t  t h e  same frequency. 

t he  same s p a t i a l  frequencies cannot be dominant i n  both the  amplitude 

and phase pa t t e rns ;  however, f o r  certain base l ine  lengths t h e  spec t r a  

According t o  t h e  theory of Chapter 2,  

would be more similar., 

Additional pa t t e rns  t o  ‘those t r ea t ed  i n  t h i s  s tudy  could be 

obtained from t h e  same base l ine .  For example, $(40-40) i n t e r f e ro -  

meter p a t t e r n s  as w e l l  as harmonic frequency, $(20-40) in te r fe ro-  

m e t e r  p a t t e r n s  would be of i n t e r e s t .  A s h o r t  base l ine  could be used 

t o  c o l l e c t  d a t a  on the  s m a l l  random scatters during the  same satell i te 

pass when the  o the r  pa t t e rns  are being used t o  eva lua te  t h e  na ture  of 

t he  d i s c r e t e  anomalies. 

MHz amplitude p a t t e r n s  could be made t o  determine i f  t h e  la t ter  is 

Simi la r ly ,  a comparison of the  40 MHz and 20 

more random. Since a l a r g e r  area of t h e  screen cont r ibu tes  t o  t h i s  

p a t t e r n ,  it should contain a g r e a t e r  measure of randomness. 

It has been observed, as expected, t h a t  records obtained from 

r a d i o  s tar  t r acks  show a l a r g e r  scale s i z e .  If poss ib le ,  it would be 

of i n t e r e s t  t o  have r ad io  s.tar t r acks  f o r  the  same t i m e  and region of 

space over which satel l i te  d a t a  is ava i l ab le ,  The amplitude pa t t e rns  
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- 
of satell i te s i g n a l s  increase  wi th  

gorws wi th  Z alone, Accordingly, the  t r acks  of two d i f f e r e n t  satel- 

l i tes would be useful.  

a he ight  of 1,OO km, t h e i r  d i f f r a c t i o n  pa t t e rns  should be q u i t e  d i f -  

FZ while t he  rad io  star p a t t e r n  

I f  one had a he ight  of 400 km and t h e  o ther  had 

f e ren t .  

from two amplitude pa t t e rns  measured on frequencies separated by more 

than 20 and 40 MHz. 

Also, a d e t a i l e d  examination could be made of t h e  spec t r a  

5.5 Conclusions 

In  conclusion, i t  is  worth noting t h a t  the success of t h i s  

i nves t iga t ion  i n  answering a number of questions posed i n  previous 

s t u d i e s  is  pr imar i ly  due t o  l i m i t a t i o n  of r e s t r i c t i n g  assumptions i n  

formulation of t he  problem t o  be addressed. The i n t e n t  of t h i s  inves- 

t i g a t i o n  w a s  t o  measure a number of d i f f r a c t i o n  pa t t e rns  and then t o  

match t h e i r  spec t r a  us ing  t h e  t h e o r e t i c a l  phase-modulating screens as 

models. 

i r r e g u l a r  phase modulation; the anomalies were no t  put i n  the  f a r  

f i e l d  o r  wi th in  t h e  f i r s t  Fresnel zone. 

(1) t h e  angular spectrum-electric f i e l d  transforms could be used; 

(2') t h e  s c a t t e r i n g  w a s  s u f f i c i e n t l y  weak f o r  t he  d i f f r a c t i o n  theory 

t o  hold  and f o r  t h e  p r i n c i p l e  of superposit ion t o  be used; and (3)  

t h e  region i n  t h e  screen producing t h e  modulation could be represented 

by a two-dimensional s p a t i a l  Fourier series. The so lu t ion  of the  pro- 

blem w a s  thus kept as general  as poss ib le  u n t i l  t he  parameters which 

def ine  t h e  screens were to  be determined, This non-res t r ic t ive  

A gaussian d i s t r i b u t i o n  w a s  no t  used as a model f o r  the  

The assumptions were tha t :  
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philosophy a lso  was  followed in  selection of the methods for harmonic 

analysis; the computer programs and sampling techniques f inal ly  selected 

were those which gave the best spectral representation for the sample 

inputs used to  test the programs, 
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